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BAYTOWN black masterbatches is 
tailored to serve your individual 
production line needs more economically. 
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No matter where in the world you are, 


Cabot can serve you better 


Cabot produces more different grades 
of carbon black than anyone else — and sells 
more — not only in the U.S. but throughout the world. On all 
six continents. In 58 different countries. 

Cabot has more production facilities — abroad — than 
anyone else. Ships from more countries. Sells in more currencies. 
And Cabot is continually establishing new plants. 

That’s why Cabot can serve your carbon black needs better 


than anyone else — internationally. 


Sales representatives in all principal cities of the world 
CABOT CORPORATION 


125 HIGH STREET, BOSTON 10, MASSACHUSETTS 
AKRON «+ CHICAGO « DALLAS + LOS ANGELES » NEW BRUNSWICK «+ NEW YORK 

Cabot Argentina $.A.!. Cabot France S.A. 
Sarmiento 930-2°A, ete Aires, Argentina 45, rve de Courcelles, Paris 8, France 
Cabot Carbon of Canada, itd. Cabot Italiana, $.p.A. 

121 Richmond Street West, Toronto |, Ontario, Canada Via Larga 19, Milano, Italy 
Cabot Carbon Limited Cabot Evropa 

62 Brompton Road, London, S.W. 3, England 45, rve de Courcelles, Paris 8, France 


Australian Carbon Black Pty. Limited 
Millers Road, Altona, Victoria, Australia (jointly owned) 


REGAL BLACKS: Regal 600 Regal 300 Regal SRF Vulean XC-72 ECF 

FURNACE BLACKS: Vulcan 9 SAF Vulean 6 ISAF Vulcan 3 HAF Sterling V GPF 
Vulcan SC SCF Vulean C CF Sterling SO FEF Sterling NS SRF 
Sterling L HMF Sterling LL HMF Sterling S SRF Gastex SRF 
Pelletex SRF Pelletex NS SRF Sterling R SRF Sterling FT FF 
Sterling 99 FF 

THERMAL BLACKS: Sterling FT Sterling MT Sterling MT NS 


Sterling MT FF Sterling MT NS FF 
CHANNEL BLACKS: Spheron 9 EPC Spheron 6 MPC 
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Easy-processing Philblack* A has the ability to keep things moving smoothly 
throughout your entire operation . . . to turn Out easy, accurate extrusions 
. .. to improve mold flow and control die shrinkage. Philblack A imparts a 
smooth finish and pleasant rubbery feel. 

The four Philblacks can be used separately or in combination. Consult 
your Phillips sales representative. The resources of Phillips research staff and 


modern technical laboratory are at the service of Phillips customers. 
*A trademark 


LET ALL THE PHILBLACKS WORK FOR YOU! 


Philblack A, Fast Extrusion Furnace Black. Excellent tubing, molding, calen- 
dering, finish! Mixes easily. Disperses heat. Non-staining. 


Philblack 0, High Abrasion Furnace Black. For long, durable life. Good 
conductivity. Excellent flex life and hot tensile. Easy processing. 


Philblack |, intermediate Super Abrasion Furnace Black. Superior abrasion. 
More tread miles at moderate cost. 


Philblack E, Super Abrasion Furnace Black. Toughest black yet! Extreme 
resistance to abrasion. 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Sales Div., 318 Water St., Akron 8, Ohio 
Sales Offices: Akron, Chicago, Dallas, Providence and Trenton 
West Coast: Harwick Standard Chemical Company, Los Angeles, California 


Export Sales: Phillips Petroleum International Corporation, Sumatrastrasse 27, Zurich 6, Switzerland 
Distributors of Phillips Chemical Company Products, 80 Broadway, New York 5, N. Y. 
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PLIOFLEX “C” cuts tire cost by seven cents or more! 


A Goodyear exclusive—the incorporation of 
WING-STAY 100 in PLIOFLEX‘'C"’ rubbers during 
manufacture — can mean an antiozonant sav- 
ing of % cents per pound of rubber or at least 
seven cents per tire, depending on its size. 
No ordinary stabilizer, WiING-STAY 100 first 


protects the rubber through manufacture and 
processing. Then it serves outstandingly well 


3 mi, Lots of good things come fro 


GOO 


as your base antioxidant and antiozonant. 


You rarely get something for nothing, but 
in PLIOFLEX “C” rubbers you get WING-STAY 
100 plus exclusive Assured Processability— 
both at no extra cost. Choose from PLIOFLEX 
1500 C, 1712 C or 1714C. Get full information from 
Goodyear, Chemical Division, Dept.G-9430, 
Akron 16, Ohio. 


CHEMICAL DIVISION 


Pliofiex, Wing-Stay—T.M.'s The Goodyear Tire & Rubber Company, Akron, Ohio 
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From Eastman... 


A family of fine products to serve 


the rubber industry 


ANTIOXIDANTS 
TENAMENE® 3 2,5-Di- TERT- 
2.6-Di-tert-butyl-p-cresol. au 


An excellent non-discoloring Effective in rubber and 
and non-staining antioxidant synthetic elastomers; also an 


of low odor and toxicity for  excellentipolymerization inhibitor. 


light-colored rubber 
and synthetic elastomers. TENOX® 


A series of non-discoloring, 
food-grade antioxidants. 


Valuable antioxidant and TECQUINOL® 


ANTIOZONANTS 


EASTOZONE® 32 


Especially useful in static 


exposure applications. 
ADHESIVES 


EASTMAN 

910 ADHESIVE 

A fast-setting 
adhesive for strong 
rubber-to-rubber and 
tubber-to-metal bonds 


WAXES 


polymerization inhibitor. (Hydroquinone, tech.) 


low-molecular-weight, 
polyethylene resins for EPOLENE® N 
CELLULOSICS use os calender release 
agents in milling. 
CELLULOSE ACETATE e 
BUTYRATE EPOLENE 


For use in abrasion-resistant 
lacquers for rubber articles. 
Flow and bodying agent 

for coatings 

made from urethane. 


PLASTICIZERS 


DIBUTYL 
INTERMEDIATES 


Reactants in ISOBUTYRONITRILE 
the preparation of 
antioxidants and 
accelerators. 


ACETALDEHYDE 


Facilitates reclamation of scrap 
rubber. Esters for softening agents 
and solvents. 

DAC-B 

Preporation of hydrocarbon resins 
Di-(8-HYDROXY- ETHYL) 

ETHER OF HYDROQUINONE 
Cross-linking agent for polyurethones. 
NEOPENTYL GLYCOL 


P, ly > f di g 
stability it polyurethane. E astman 
CHEMICAL PRODUCTS, INC. 
KINGSPORT, TENNESSEE 
Subsidiary of Eastman Kodak Company 


A new booklet containing more information 
on the products described here has just 
been published. For your copy, write to 


SALES OFFICES: Eastman Chemical Products, inc., Kingsport, Tennessee; Ationta; Boston; Buffalo; Chicago; Cincinnati, Cleveland, Detroit; Greens 
boro, Houston; Konsos City, Mo.; New York City; Philedeiphic; St. Lovis. West Coast: Wilson & Geo. Meyer & Company, Sen Frencisco; 
Los Angeles; Portiond; Salt Loke City; Seattle, 
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DI-(2-ETHYLHEXYL) 
PHTHALATE 
DI-(2-ETHYLHEXYL) 
AZELATE 
DIBUTYL 
ACETONE SEBACATE 
CROTONALDEHYDE POLYMERIC 
PLASTICIZER 
ISOBUTYRALDEHYDE NP-10 
PROPIONALDEHYDE 
n-BUTYRALDEHYDE 
CROTONIC ACID 
| HYDROQUINONE , 
| (tech.) 
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BULLETIN: 


Shell tears brand-new shoes apart 
in the search for better footwear, flooring, 
tires and bottle nipples 


HELL Chemical’s Technical Service 
Laboratory recently installed three 
shoemaking machines. Their purpose: to 
aid Shell chemists in the discovery of new 
polymers and processing methods for the 
footwear industry. 


Shell tears new shoes apart 


The shoes made here do not stay in one 
piece for long. Shell chemists deliberately 
tear them apart for thorough testing. 

They then study the sole. Its color. 
How it adheres to the top. And the most 
economical way to make each shoe. 

Shell's work with shoe polymers also 
results in the development of new rubber 
for other products. They range from tires 
to bottle nipples. 

Shell's SP-103 makes durable floor tile 
as well as shoe soles. And the easy proc- 
essability of S-1509 is an advantage in 
making automotive sponge. 


Shell’s first customer 


Every new Shell rubber must make the 
grade here before it can be sold. That's 
why this laboratory is called “Shell's first 
customer.” 

But manufacturing problems arise even 
with fully accredited polymers. Many of 
these are solved here in a matter of hours. 


A Shell chemist completes a mold-on sole. 
Next, he will tear it apart for analysis. 


If a special problem calls for on-the-spot 

assistance, Shell sends its experts to work 

with a customer’s own technical staff. 
Moneysaving help 

If Shell's Technical Service Laboratory 


can help you solve a costly problem, call 
Shell Chemical Company, Torrance, Cali- 
fornia, FA 1-2340. 


A Bulletin from 


Shell f 
Chemical 
Company 
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Mews about 


B.EGoodrich Chemical 


This polyacrylic 

rubber operates 

at 350° to 400°F. 

—higher by 50° to 

100° than most 
other rubbers can withstand. In addi- 
tion, Hycar 4021 provides unusually 
high oil resistance, remains soft and 
flexible even when subjected to sulfur- 
bearing oils. 

Hycar 4021 is widely used in auto- 
motive transmission seals. Its excel- 
lent high-temperature resistance, high 
physical properties and good com- 
pression set make it the choice for oil 
hose, automotive gaskets, searchlight 
gaskets and “O” rings—especially 
where they are in contact with high- 
pressure lubricants. Other uses are 
for belting, tank linings, white or pas- 
tel colored goods and cement coatings 
for cloth. 


BEGoodrich 


A new bulletin, HM-3, covering 
the advantages and compounding of 
Hycar 4021 has been prepared. For 
a copy, or for information about any 
of the many Hycar rubbers and lati- 
ces, write Dept. ME-3, B.F.Goodrich 
Chemical Company, 3135 Euclid 
Avenue, Cleveland 15, Ohio. In 
Canada: Kitchener, Ontario. 


PAL 


B.F.Goodrich Chemical Company 
@ division of The B.F.Goodrich Compeny 


GEON vinyls « HYCAR rubber and latex « GOOD-RITE chemicals and plasticizers 
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Naugatuck RUBBER CHEMICALS 


ACCELERATORS 
Thiazoles Thiurams Dithiocarbamates Aldehyde Amines 
M-B-T Tuex®* Arazate® Beutene® 
M-B-T-S Ethyl! Tuex’ Butazate® Hepteen Base® 
O-X-A-F Monex®* Butazate® 50-D Trimene Base® 
DELAC-S Pentex Ethazate® Trimene® 
Pentex Flour Ethazate 50-D 
Methazate* 
Xanthates Vulcanizing Agents 
C-P-B® G-M-F-SD 
Z-B-X Dibenzo G-M-F-SD 
ACTIVATOR 
D-B-A Accelerator 
ANTIOXIDANTS 
Discoloring Nondiscoloring Semi- Antiozonants 
Aminox® Polygard® nondiscoloring Flexzone 3-C 
Aranox® Naugawhite Octamine Flexzone 6-H 
B-L-E-25 Naugawhite Powder Betanox Special® 
Flexamine G 
V-C-B® BLOWING AGENTS 
Celogen® Celogen-AZ® 
SUNPROOFING WAXES 
Sunproof® Regular Sunproof® Improved Sunproof® Jr. 
Sunproof®-7 13 Sunproof® Super Sunproof Extra 


MISCELLANEOUS SPECIAL PRODUCTS 


BWH-|I—mixture of oils 
DDM—dodecy! mercaptan 


THIOSTOP K—40% aqueous 
solution of potassium dimethyl 


dithiocarbamate 
THIOSTOP N—35% aqueous 


LAUREX®—zinc laurate 
PROCESS STIFFENER #710— 
26.4% hydrazine salt and 73.6% solution of sodium dimethyl 
inert mineral #ller dithiocarbamate 
RETARDERS 
RETARDER E-S-E-N RETARDER J 
* available in Nauget form 


Naugatuck Chemical 
Division of United States Rubber Company yoreorsck, Connecticut 


Rubber Chemicals - Synthetic Rubber - Plastics - Agricultural Chemicals - Reclaimed Rubber - latices 
CANADA: Naugatuck Chemicals Division, Dominion Rubber Co., Ltd., Elmira, Ontario - CABLE: Rubexport, N.Y, 
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DU PONT 
CHEMICALS and 
COLORS 


DEPENDABLE IN PERFORMANCE...UNIFORM IN QUALITY 


ACCELERATORS 
Accelerator No. 8 
Accelerator 552 
Accelerator 808 Thiuram M 
Accelerator 833 Thiuram M Grains 
Conac S Tepi Zenite 
MBT Zenite Special 
MBTS Zenite A 

Zenite AM 


MBTS Grains 
NA-22 
Permalux 


Thiuram E 
Thiuram E Grains 


ANTI-OXIDANTS 

Akroflex C Pellets  Neozone A Pellets 

Akroflex CD Pellets Neozone C 

Antox Neozone D 
Permalux 


AQUAREXES (MOLD LUBRICANTS AND STABILIZERS) 
Aquarex D Aquarex MDL Aquarex SMO 
Aquarex G Aquarex ME Aquarex WAQ 
Aquarex L Aquarex NS 


BLOWING AGENTS 
Unicel ND Unicel NDX 


RUBBER DISPERSED COLORS 
Rubber Red PBD Rubber Green FD 
Rubber Red 2BD Rubber Blue PCD 
Rubber Yellow GD Rubber Blue GD 
Rubber Green GSD Rubber Orange OD 


Thermoflex A Pellets 
Zalba 
Zalba Special 


ORGANIC ISOCYANATES 


Hylene* M 
Hylene* M-50 
Hylene* MP 


PEPTIZING AGENTS 
Endor 

RPA No. 2 

RPA No. 3 


Hylene* T 
Hylene* TM 
Hylene* TM-65 


RPA No. 3 Concentrated 
RPA No. 6 
RR-10 


RECLAIMING CHEMICALS 


RPA No. 3 


RR-10 


SPECIAL-PURPOSE CHEMICALS 


BARAK —Retarder acti- 
vator for thiazole accel- 
erators 


Copper inhibitor 50—!n- 
hibits catalytic action of 
copper on elastomers 


ELA—Elastomer lubri- 
cating agent 


HELIOZONE—Sun- 
checking inhibitor 
NBC—Inhibits weather 
and ozone cracking of 
SBR compounds 


Retarder-activator for 
acidic accelerators 


* REG. PAT. OFF. 


DISTRICT OFFICES 


Akron 8, Ohio, 40 E. Buchtel Ave. at High St... . 
Atlanta, Ga., 1261 Spring St, NW. . 2.2... 
Boston 10, Mass., 140 Federal St. 
Charlotte 1, N. C., 427 W. 4th St. 
Chicago 3, Il!., 7 South Dearborn St. 
Detroit 35, Mich., 13000 W. 7-Mile Rd 
Houston 6, Texas, 2601A West Grove Lane . . 
Los Angeles 58, Calif., 2930 E. 44th St. 
Palo Alto, Calif., 701 Welch Rd 
Trenton 8, N. J., 1750 N. Olden Ave. 
In New York call WAlker 5-3290 
in Canada contact: Du Pont Company of Canada Limited 


POrtage 2-8461 
TRinity 5-5391 
HAncock 6-1719 
FRanklin 5-5561 
ANdover 3-7000 
UNiversity 4-1963 

. . MOhawk 7-7429 


EXport 3-7141 


E. |. du Pont de Nemours & Co. (Inc.) 
Elastomer Chemicals Department 


Wilmington 98, Delaware 
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Always specify PHILPRENE* 
Masterbatches for tread rubber 


Economical processing. Philprene rubber gives you fast, 
trouble-free extrusions; reduces processing time; helps keep 
your whole operation moving smoothly and profitably. Tread 
rubber made from Philprene is exceptionally tough and dur- 
able, with good flex life, excellent resistance to abrasion and 
aging. A wide choice of Philprene rubber lets you select the 
polymer that is best suited to your purpose. *A trademark 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Sales Div., 318 Water St., Akron 8, Ohio 
( PHILLIPS Sales Offices: Akron, Chicago, Dallas, Providence and Trenton 
6 6 West Coast: Harwick Standard Chemical Company, Los Angeles, California 
Export Sales: Phillips Petroleum International Corporation, Sumatrastrasse 27, Zurich 6, Switzerland 
Distributors of Phillips Chemical Company Products, 80 Broadway, New York 5, N. Y. 
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forthe Rubber 


Compounder 


These high-quality products are available 

from any of our conveniently located warehouses. 

To order call your nearby American Cyanamid Office. 
For technical literature on the above products, address— 


x 


& AMERICAN CYANAMID COMPANY 
Rubber Chemicals Department » Bound Brook, New ersey 


SALES OFFICES AND WAREHOUSES: 240 South Broadway, Akron 8, Ohto @ Bound Brook, NewJe 
-@ 3605 North Kimball Avenue, Chicago 80, Illinois @ 2300 S. Eastern Ave., Los Angeles 22; California @ 
Fountain St., Providence 3, Rhode 4st 
1065 Commonwealth Ave., Boston 15, & 
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QUALITY PRODUCTS for the RUBBER INDUSTRY 


General Tire’s Chemical Division is constantly aware of the needs 
of the rubber industry, and provides these specially-formulated 
products to meet those needs. Write or call for further information 
and generous samples. 


GEN-TAC e Vinyl pyridine latex. Assures excellent fabric-to-rubber 
adhesion using nylon or rayon cords. 


Latex-compounded masterbatch, 85% insoluble sulfur 
KO-BLEND © colloidally dispersed in SBR latex. Cuts whitewall rejects 
and reworks . . . eliminates spots, streaks and 


batch softening. 


KURE-BLEND |§ 50 SBR—50 TMTD latex-compounded masterbatch. 
MTe Gives faster, more even dispersion, allowing full advan- 
tage of TMTD accelerator. Assures uniform cure, at no 

premium cost. 


GENTRO@ Top-quality cold SBR Polymers. 


i Cold and oil-extended black masterbatches, for easier 


GEN-FLOe Styrene-butadiene, with balanced stabilization system, 
low odor, and excellent mechanical stability. 


ACRI-FLQ@ Styrene-acrylic, offering excellent adhesion, mechanical 
stability and UV heat and light stability. 


VYGENe a complete family of top-quality, versatile resins formu- 
lated to meet specific needs. 


THE GENERAL TIRE & —_, COMPANY 
CHEMICAL DIVISION AKRON, OHIO 
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COLUMBIAN offers an outstanding 
carbon black for every rubber need... 
STATEX® 160 SAF Super Abrasion Furnace 

STATEX 125 ISAF Intermediate Super Abrasion Furnace 
STATEX R HAF High Abrasion Furnace 

STANDARD MICRONEX® MPC Medium Processing Channel 
MICRONEX W-6 EPC Easy Processing Channel 

STATEX B FF Fine Furnace 

STATEX M FEF Fast Extruding Furnace 

STATEX 93 HMF High Modulus Furnace 

STATEX G GPF General Purpose Furnace 


FURNEX® SRF Semi-Reinforcing Furnace 


Plus our outstanding MAPICO 
pure synthetic iron oxide pigments 
REDS ... 617, 297, 347, 387, 477 and 567 
TANS ...10, 15 and 20 

BROWNS... 418, 419, 420, 421 and 422 
PLUS YELLOWS... 


COLUMBIAN CARBON COMPANY 


380 Madison Avenue, New York 17, N. Y. 
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TOUGH OR TENDER. ..Compound light-colored rolls 
with versatile HI-SIL® 233 white reinforcing pigment 


For clean handling of color-sensitive 
products like paper, textiles, plated 
metals and foods, nothing beats light- 
colored rubber rolls. Printers also like 
the ease of clean-up when changing 
colors on the press. Yet the wide range 
of physical properties required of vari- 
ous rollers makes compounding a real 
challenge. 

Makers of rolls have found that HI- 
SIL 233 gives them the reinforcing 
qualities they need—even in soft goods 
with limited loadings—without mark- 
ing problems. Hi-Sil 233 is the white re- 
inforcing pigment for building long life 
into your light-colored rolls. Hi-Sil 233 
has been proved out in compounds rang- 
ing from soft roll covers for crushing 
nuts and removing raisin seeds to tough, 


hard rolls exposed to sharp edges of 
metal sheets. 

In addition to giving light-colored 
rolls superior physicals, Hi-Sil 233 gives 
the compounder a reinforcer that will 
disperse completely, increase building 
tack in compounds for medium and hard 
rolls, and contribute to easier handling. 

Extensive data on compounding 
light-colored rubber rolls is covered in 
PPG Chemical Division’s Hi-Sil Bulle- 
tin No. 23. Write for your copy to: 


P columbia] southern 
chemicals 


CHEMICAL DIVISION 
PITTSBURGH PLATE GLASS COMPANY 


ONE GATEWAY CENTER PITTSBURGH 22, PENNSYLVANIA 


DISTRICT OFFICES: Boston - . 
Dallas - Houston - Minneapolis - Wow New York 
Pittsburgh - San Francisco + St. Louis - IN CANADA: Standard Chemical 


* 
4 | 


THE DIVISION OF RUBBER CHEMISTRY OF 
THE AMERICAN CHEMICAL SOCIETY 


OFFICERS, EXECUTIVE COMMITTEE AND LIBRARIAN 


W. S. Coz, Naugatuck Chemical Division, Naugatuck, Conn. 
Vice-Chairman............ G. E. Popp, Phillips Chemical Company, Akron, O. 
Secretary....L. H. Howianp, Naugatuck Chemical Division, Naugatuck, Conn. 
D. F. Benney, Harwick Standard Chemical Co., Akron, 0. 
Assistant Treasurer Georce Hackrm, General Tire & Rubber Co., Akron, O. 


Editor of Rubber Chemistry and Technology Davip Craia, B. F. Goodrich 
Research Center, Brecksville, O. 


Advertising and Business Manager of Rubber Chemistry and Technology 
Georce Hacxkim, General Tire & Rubber Co., Akron, O. 


Directors....W. J. Sparks (Past Chairman), H. J. Osternor (Director-at- 
Large), J. M. Bott (Southern Rubber Group), G. W. Smrrx (Boston), 
M. H. Leonarp (Akron), C. V. LunpBera (New York), R. A. Garrerr 
(Philadelphia), J. A. Carr (Canada), N. R. Lecce (Northern Cali- 
fornia), A. T. McPuerson (Washington, D. C.), H. E. SchwELiEeRr 
(Southern Ohio), M. J. O’Connor (Fort Wayne), H. D. SHETLER 
(Chicago), R. H. Snyper (Detroit), D. C. Mappy (Los Angeles), 
J. FrankrurtH (Buffalo), R. W. (Rhode Island), R. T. 
MERMAN (Connecticut). Alternate directors: I. G. SsorHun (Akron), 
W. F. Matcotm (Boston), T. L. Davies (Canada), A. J. Hawkins, Jr. 
(Los Angeles), J. T. Dunn (New York). 


Councilors....W. S. Cor. 
(Alternates, C. S. Yoran, 1958-1960; J. D. D’Iann1). i 


Rubber Division Librarian. ...Mrs. Sanpra Gates, Akron University, Akron, O. 


COMMITTEES 


Advisory Committee on Local Arrangements....C. A. SmitH, Chairman (New 
Jersey Zine Co., Cleveland, Ohio), S. L. Brams (Dayton Chemical 
Products, West Alexandria, Ohio), W. H. Pererson (Enjay Co., 
15 West 51 Street, New York City). 


Auditing Committee....F. W. BurGer, Chairman (Phillips Chemical Co., 
Akron, Ohio), C. W. CHrisTeNsEN (Monsanto Chemical Company, 
Akron, Ohio), L. V. Cooper (Firestone Tire & Rubber Co., Akron, 
Ohio). 
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Best Papers Committee....Harotp Tucker, Chairman (B. F. Goodrich Re- 
search Center, Brecksville, Ohio), H. E. Haxo (U. 8S. Rubber Company, 
Research Center, Wayne, N. J.), G. E. Popp (Phillips Chemical Com- 
pany, Akron, Ohio). 


Bibliography Committee....JoHN McGavack, Chairman (144 Ames Avenue, 
Leonia, New Jersey), P. H. Bippison (Firestone Tire & Rubber Com- 
pany, 352 Wayne Avenue, Akron, Ohio), V. L. Burger (U. 8S. Rubber 
Company, Research Center, Wayne, New Jersey), Lois Brock (Re- 
search Laboratory, General Tire & Rubber Company, Akron, Ohio), 
D. E. Caste (U. 8. Rubber Company, Research Center, Wayne, New 
Jersey), H. E. Haxo (U. S. Rubber Company, Research Center, 
Wayne, New Jersey), Mrs. JEANNE JoHNsON (U.S. Rubber Company, 
Research Center, Wayne, New Jersey), M. E. Lerner (Rubber Age, 
101 West 31st Street, New York City), G. S. Mmus (U. S. Rubber 
Company, Research Center, Wayne, New Jersey), Leora SrraKa 
(Goodyear Tire & Rubber Company, Akron, Ohio), Mrs. M. L. RELYEA 
(36 Hopper Avenue, Pompton Plains, New Jersey), C. E. Raines 
(U. S. Rubber Company, Research Center, Wayne, N. J.), D. F. 
Beuney (Harwick Standard Chemical Co., 60 S. Seiberling Street, 
Akron 5, Ohio). 


By-Laws Revision Committee....G. ALLIGER, Chairman (Firestone Tire & Rub- 
ber Co., Akron, Ohio), W. C. Warner (General Tire & Rubber Co., 
Akron, Ohio), R. A. Garrerr (Armstrong Cork Co., Lancaster, Pa.), 
L. H. Howianp (Naugatuck Chemical Division, Naugatuck, Conn.). 


Editorial Board of Rubber Reviews....G. E. P. Smrru, Jr. Chairman (Fire- 
stone Tire and Rubber Co., Akron, Ohio), J. Renner, Jr. (Esso Re- 
search & Engineering Co., Linden, N. J.), B. L. Jounson (Firestone 
Tire & Rubber Co., Akron, Ohio), 8S. D. Geman (Goodyear Tire & 
Rubber Co., Akron, Ohio), D. Crate (B. F. Goodrich Research Center, 
Brecksville, Ohio), W. R. Smrrn (The Cabot Corporation, Cambridge, 
Mass.). 


Education Committee....C. V. LunpBEerG, Chairman (Bell Telephone Labora- 
tories, Inc., Murray Hill, New Jersey), R. D. SrieHuer (National 
Bureau of Standards, Washington, D. C.), W. F. Busse (E. I. du Pont 
de Nemours & Co., Wilmington, Delaware), H. D. SHetier (Chicago 
Rawhide Manufacturing Co., 1301 Elston Avenue, Chicago 22, Illinois), 
H. E. Scuwetier (Inland Manufacturing Division, General Motors 
Corporation, Dayton 1, Ohio), R. A. Garrerr (Armstrong Cork Co., 
Lancaster, Pennsylvania), Micron H. Leonarp (Columbian Carbon 
Company, Akron, Ohio). 


Files & Records Committee....J. D. D’IaAnni, Chairman (Goodyear Tire & 
Rubber Co., Akron, Ohio), Dororny Hamien (University of Akron, 
Akron, Ohio), E. A. Wimuson (B. F. Goodrich Research Center, 
Brecksville, Ohio). 


Finance Budget Committee....L. V. Cooper, Chairman (Firestone Tire & Rub- 
ber Company, Akron, Ohio), C. W. CuristenseN (Monsanto Chemical 
Company, Akron, Ohio), F. W. Burcer (Phillips Chemical Company, 
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Akron, Ohio), E. H. Krismann (E. I. du Pont de Nemours & Co., 
Akron, Ohio), S. B. KuyKxenpatu (Firestone Tire & Rubber Co., 
Akron, Ohio), D. F. Benney, E2-officio (Harwick Standard Chemical 
Co., 60 S. Seiberling Street, Akron 5, Ohio). 


Future Meetings....A. E. Laurence, Chairman (R. T. Vanderbilt Co., Akron, 
Ohio), G. N. Vacca (Bell Telephone Laboratories, Murray Hill, N. J.), 
J. M. Bott (Naugatuck Chemical Co., Olive Branch, Miss.). 


Library Operating Committee....Guivo H. Stempe., Chairman (The General 
Tire & Rubber Company, Central Research Laboratories, Akron 9, 
Ohio), Maurice Morton (University of Akron, Akron, Ohio), Mrs. 
Sanpra Gates (University of Akron, Akron, Ohio), Miss Dororny 
HaMLen (University of Akron, Akron, Ohio). 


Library Policy Committee....Guiwo H. Stempen, Chairman (The General Tire 
& Rubber Co., Central Research Laboratories, Akron 9, Ohio), Ropert 
L. Bess (Firestone Tire & Rubber Company, Akron, Ohio), A. M. 
Cuirrorp (Goodyear Tire & Rubber Company, Akron, Ohio), Maurice 
Morton (University of Akron, Akron, Ohio), Eart C. Greae, Jr. (The 
B. F. Goodrich Company, Akron, Ohio), D. F. Benney, E2-officio 
(Harwick Standard Chemical Co., 60 S. Seiberling Street, Akron 5, 
Ohio). 


Membership Committee....Maurice J. O’Connor, Chairman (O’Connor and 
Company, Ine., 4667 North Manor Avenue, Chicago 25, Illinois), All 
Directors from each Local Rubber Group, C. E. Huxtey (Enjay Com- 
pany, Ine., 130 East Randolph Drive, Chicago, Illinois), A. M. GessLEr 
(Esso Research & Engineering Company, Linden, New Jersey), E. M. 
DaNNENBERG (Cabot Corporation, 38 Memorial Drive, Cambridge 42, 
Massachusetts). 


New Publications Committee....R. G. Seaman, Chairman (Rubber World, New 
York City), D. Crate (B. F. Goodrich Research Center, Brecksville, 
Ohio), J. M. Batu (Midwest Rubber Reclaiming Co., 95 Whipstick 
Road, Wilton, Conn.), G. E. P. Smrrn, Jr. (Firestone Tire & Rubber 
Co., Akron, Ohio). 


Nomenclature Committee....RaLpH F. Wour, Chairman (4448 Lahm Drive, 
Akron 19, Ohio), I. D. Parrerson (Goodyear Tire & Rubber Co., 
Akron, Ohio), F. W. Gace (Dayton Chemical Products Laboratories, 
W. Alexandria, Ohio), E. E. Gruper (General Tire & Rubber Co., 
Akron, Ohio), A. T. McPHerson (National Bureau of Standards, 
Washington, D. C.), R. W. Szunr« (Acushnet Process Co., New Bed- 
ford, Mass.). 


Nominating Committee... .Larry M. Baker, Chairman (General Tire & Rubber 
Company, Akron, Ohio), James D. D’Iann1 (The Goodyear Tire & 
Rubber Company, Akron 16, Ohio), Kenneru R. Garvick (The Mans- 
field Tire & Rubber Company, P. O. Box 428, Mansfield, Ohio), Ropert 
G. Seaman (Editor, Rubber World, 630 Third Avenue, New York 17, 
N. Y.), George Vacca (Bell Telephone Laboratories, Murray Hill, 
New Jersey). 


ASS. 
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Officers Manual....A. E. Juve, Chairman (B. F. Goodrich Research Center, 
Brecksville, Ohic), B. S. Garvey (Pennsalt Chemicals Corp., Phila- 
delphia, Pa.). 


Papers Review Committee....W.S. Cor, Chairman (Naugatuck Chemical Divi- 
sion, U. S. Rubber Company, Naugatuck, Connecticut), W. J. Sparks 
(Esso Research & Engineering Company, P. 0. Box 51, Linden, New 
Jersey), Davin Craic (Editor, Rupser CHemistry & TECHNOLOGY, 
B. F. Goodrich Research Center, Brecksville, Ohio), L. H. Hownanp 
(Naugatuck Chemical Division, U. 8. Rubber Company, Naugatuck, 
Connecticut), G. E. Popp (Phillips Chemical Company, Rubber Chem- 
icals Sales Division, 318 Water Street, Akron 8, Ohio). 


Program Planning Committee....GeorGE E. Popp, Chairman (Phillips Chem- 
ical Company, Rubber Chemicals Sales Division, 318 Water Street, 
Akron 8, Ohio), J. D. D’Iannit (The Goodyear Tire & Rubber Co., 
Akron 8, Ohio), Davin Craic (Editor, Russer CHemistry & TECHNOL- 
ocy, B. F. Goodrich Research Center, Brecksville, Ohio), Merton 
SrupEBAKER (Phillips Chemical Company, 318 Water Street, Akron 8, 
Ohio), W. F. Tuney (Naugatuck Chemical Division, U. S. Rubber 
Company, Naugatuck, Connecticut). 


Selection Committee for the Rubber Science Hall of Fame, University of Akron, 
representatives of the Division of Rubber Chemistry....A. E. Juve 
(B. F. Goodrich Research Center, Brecksville, Ohio), F. 
(4448 Lahm Drive, Akron 19, Ohio). 


Tellers....A. C. Stevenson, Chairman (E. I. du Pont de Nemours & Co., Wil- 


mington, Del.), L. T. Epy (Esso Research and Engineering Co., Eliza- 
beth, N. J.), Paut Roacu (Texas—U. S. Chemical Co., Parsippany, 
N. J.). 


FUTURE MEETINGS 
ACS MEETINGS AS OF SEPTEMBER 5, 1961 


Meeting Date City 
Spring 1962 March 20-29 Washington, D.C. 
Fall 1962 Sept. 9-14 Atlantie City, N. J. 
Jan. 1963 Experimental Third National Meeting 
Spring 1963 Mar. 31—Apr. 5 Los Angeles, Calif. 
Fall 1963 Sept. 8-13 New York, N.Y. 
Jan. 1964 Experimental Third National Meeting 
Spring 1964 Mar. 31-Apr. 9 Philadelphia, Pa. 
Fall 1964 Aug. 30-Sept. 4 Chieago, Ill. 
Spring 1965 Mar. 30-Apr. 9 Detroit, Mich. 
Fall 1965 Sept. 12-17 Atlantie City, N. J. 
Spring 1966 March 22-31 Pittsburgh, Pa. 
Fall 1966 Sept. 11-16 New York, N.Y. 
Spring 1967 
Fall 1967 Sept. 10-15 Chicago, Ill. 
Spring 1968 
Fall 1968 Sept. 8-13 (T) Atlantic City, N. J. 


(T) Tentative. 
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RUBBER DIVISION MEETINGS 


Date City Hdgqtr. Hotel 
Spring 1962 Apr. 24-27 Boston, Mass. Statler 
Fall 1962 Oct. 16-19 Cleveland, O. Sheraton 
Spring 1963 May 7-10 Toronto, Canada Royal York 
Fall 1963 Sept. 10-13 New York, N.Y. Roosevelt 
Spring 1964 Apr. 28-May 1 Detroit, Mich. Cadillae 
Fall 1964 Sept. 1-4 Chicago, Ill. Sherman 
Spring 1965 May 4-7 Miami Beach, Fla. Fontainebleau 
Fall 1965 Oct. 19-22 Philadelphia, Pa. Bellevue-Strat 
Spring 1966 May 3-6 San Francisco, Cal. Fairmount 
Fall 1966 Sept. 13-16 New York, N.Y. Roosevelt ' 
Spring 1967 May 2-5 Montreal, Canada Queen Elizabeth 
Fall 1967 Sept. 12-15 Chicago, Ill. Sherman 


SPONSORED RUBBER GROUPS 
OFFICERS AND MEETING DATES 
1961 


AKRON Russer Group Inc. 


Chairman: J. H. Girvorp (Witco Chemical, 213 W. Bowery St., Akron, 
Ohio). Vice-Chairman: R. B. Knit (Goodyear Tire & Rubber, Akron, Ohio). 
Secretary: B. N. Larsen (Naugatuck Chemical, 9 Overwood Road, Akron 13, 
Ohio). Treasurer: BEN Kastein (Firestone Tire & Rubber, 1200 Firestone 
Parkway, Akron, Ohio). Area Director: M. H. Leonarp (Columbian Carbon, 
452 E. Market St., Akron, Ohio). Past Chairman: I. J. Ssornun (Firestone 
Tire & Rubber, 1200 Firestone Parkway, Akron, Ohio). Program: A. E. Lav- 
RENCE (2425 Amesbury Road, Akron, Ohio). Publicity: RaLpH F. ANDERSON 
(B. F. Goodrich Company, 500 8S. Main St., Akron, Ohio). Tickets: R. J. 
Brown (Goodyear Tire & Rubber, 1144 E. Market St., Akron, Ohio). Member- 
ship: D. M. Strasser (Witco Chemical, 213 W. Bowery St., Akron, Ohio). 
Meeting dates for the 1961-62 Season: Sheraton Hotel (meeting) Friday Oc- 
tober 20, 1961; Sheraton Hotel (meeting) Friday January 26, 1962; Sheraton 
Hotel (dance) Friday February 23, 1962; Sheraton Hotel (meeting) Thursday 
April 5, 1962; outing, Firestone Country Club Friday June 22, 1962. 


Boston Russer Group 


Chairman: Georce E. Hersert (Tyer Rubber Company, Andover, Massachu- 
setts). Vice-Chairman: Joun M. Hussey (Goodyear Chemical Company, Need- 
ham Heights 94, Massachusetts). Secretary-Treasurer: Grorce H. Hunt 
(Simplex Wire & Cable Company, Cambridge 39, Massachusetts). Executive 
Committee: James J. Breen (Barrett & Breen Co., Boston 10, Massachusetts). 
CuHeEsTeR STOEKELS (Firestone Tire & Rubber Company, Fall River, Massachu- 
setts). Rospert Lovetanp (R. T. Vanderbilt Company, Boston, Massachusetts). 
Georce W. Smirn (E. I. du Pont de Nemours & Co., Boston, Massachusetts). 
Officers Tenure: January 1, 1961-January 1, 1962. Meeting Dates: (1961)— 
February 3, 4,5; March 17; June 16; October 13; and December 15. 


1 Tentative. 
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BuFraLo Rupser Group 


Chairman: E. F. Sverprue (U. 8. Rubber Reclaiming Company, Buffalo 5, 
New York). Vice-Chairman: E. R. Martin (Dunlop Tire and Rubber Corpora- 
tion, Buffalo 5, New York). Secretary-Treasurer: E. J. Haas (Dunlop Tire 
and Rubber Corporation, Buffalo 5, New York). Asst. Secretary-Treasurer: 
R. J. O’Brien (Dunlop Tire and Rubber Corporation, Buffalo 5, New York). 
Directors: D. Scuuuer, C. Perrer, J. FRaNKFurTH, R. 8. Murray, 
F. O’Connor. Officers Tenure: December 1960-December 1961. Director to 
Div. of Rubber Chemistry: J. FRaNKFURTH. Meeting Dates: March 7, May 12, 
June 13, October 10 and December 12. 


Cuicaco Group, Inc. 


President: Stantey F. CuHoate (Tumpeer Chemical Company, Chicago 1, 
Illinois). Vice-President: T. C. Arcue (Roth Rubber Company, 1860 S. 54th 
Avenue, Cicero 50, Illinois). Secretary: Ropert R. Kann (Chemical Division, 
Goodyear Tire & Rubber Company, 141 West Ohio Street, Chicago 10, Illinois). 
Treasurer: Haro.tp Stark (Dryden Rubber Division, Sheller Mfg. Corporation, 
1014 S. Kildare Avenue, Chicago 24, Illinois). Directors: A. D. Marr, RicHarp 
Huan, Irwin O. Nespt, Harotp SHetier, Stantey SHaw, Frank E. Smita, 
James Dunne, MELVIN WHITFIELD. Legal Counsel & Exec. Secretary: EDWARD 
H. Leany (333 N. Michigan Avenue, Chicago 1, Illinois). Officers Tenure: 
September, 1960-September, 1961. Meeting Dates: January 27, March 10, 
April 28, Sept. 29, Nov. 17, Dee. 15. 1962: Jan. 26, Mar. 16 and May 4. The 
meetings are at the Furniture Club except for the Christmas Party, Dee. 15 at 
the Morrison Hotel. 


Connecticut RusBer Group 


Chairman: Frank B. Smirn (Naugatuck Chemical Company, Naugatuck, 
Connecticut). Vice-Chairman: ALEXANDER Murpock, Jr. (Armstrong Rubber 
Company, West Haven, Connecticut). Secretary: Riau 8. Portes, Jr. (Spencer 
Rubber Products, Manchester, Connecticut). Treasurer: Frank F. Vina 
(Whitney Blake Company, Hamden, Connecticut). Directors: Vincent P. 
CHaDwWICcK, Francis H. H. Brownina, Ken C. Crouse, Ricnarp Strmets, 
Lawson. Director to Division of Rubber Chemistry: R. T. Zimmerman. 
Meeting Dates: February 17, May 19, September 9 and November 17. Officers 
Tenure: January 1, 1961 to January 1, 1962. 


Detroit Russer AND Group 


Chairman: W. D. Wiuson (R. T. Vanderbilt Company, 5272 Doherty Dr., 
Orchard Lake, Michigan). Vice-Chairman: S. M. Siwwewz (Chrysler Engineer- 
ing Division, P. O. Box 1118, Dept. 821, Detroit 21, Michigan). Treasurer: 
P. V. Miarp (Automotive Rubber Company, 12550 Beech Road, Detroit 39, 
Michigan). Secretary: R. W. Maucotmson (HK. I. du Pont de Nemours & Com- 
pany, 13000 W. Seven Mile Road, Detroit 35, Michigan). Executive Committee: 
W. F. Muuer, E. J. Kvet, H. W. Horravr, C. H. Aupers, C. E. Beck, E. I. 
BoswortH, R. C. Cuiton, F. G. Fatvey, E. P. Francis, T. W. Hatworan, J. F. 
Maspen, J. M. McCretian, R. H. Snyper, R. C. Waters, P. Weiss. Officers 
Tenure: December 1959—December 1960. Director to Div. of Rub. Chem., ACS: 
R. H. Snyper (to 1962). Meeting Dates: (1961)—Feb. 17, Apr. 21, June 23, 
Oct. 5 and December 8. 


Viii 


| 
| 


Fort Wayne Russer & Piastics Group 


Chairman: A. L. Ropinson (Harwick Standard Chemical Company, 2724 
West Lawrence Avenue, Chicago 25, Illinois). Vice-Chairman: CarroLL Voss 
(General Tire & Rubber Company, Wabash, Indiana). Secretary-Treasurer: 
Rosert O. Hartman (Monsanto Chemical Company, Chicago, Illinois). Direc- 
tors: A. G. Copse, Gerarp Zwick, B. G. Hutcuinson, JoHN WALSH, CARROLL 
Hosson, Jack Lippincott, BALFouR CONNELL, Ropert Meeting Dates 
for 1961-1962 at Van Orman Hotel Ft. Wayne, Indiana: September 28, De- 
cember 7, February 8, April 5. Summer Outing June 8, 1962 Tippecanoe 
Country Club Leesburgh, Indiana: September 20, December 6, February 7, 
April 18, 1963. Summer Outing June 7, 1963. 


Los ANGELES Rusper Group, Inc. 


Chairman: W. M. Anverson (Gross Manufacturing Co., Ine., 1711 S. Cali- 
fornia Avenue, Monrovia, California). Assoc. Chairman: C. M. CHuRCHILL 
(Naugatuck Chemical Division, U. S. Rubber Company, 5901 Telegraph Rd., 
Los Angeles 22, California). Vice-Chairman: L. W. Cuarree (The Ohio Rub- 
ber Company, 6700 Cherry Avenue, Long Beach 5, California). Treasurer: 
J. L. Ryan (Shell Chemical Company, P. O. Box 6066, Lakewood, California). 
Secretary: C. F. Asucrorr (Cabot Corporation, 3350 Wilshire Blvd. #718, Los 
Angeles 5, California). Directors: Don Montcomery (1961-1962), Howarp R. 
FisHer (1961-1962), L. E. Peterson (1961-1962), R. L. Wetis (1960-1961), 
Haroitp W. Sears (1960-1961), Harotp J. Branpensure (1960-1961), B. R. 
Snyper (1961). Asst. Treasurer: Ropert F. Doucuerty (U. S. Rubber Com- 
pany, 5675 Telegraph Rd., Los Angeles 22, California). Asst. Secretary: W. C. 
ScHEUVERMANN (Plastic & Rubber Products Co., 2100 Hyde Park Blvd., Los 
Angeles 47, California). Historian & Librarian: Roy N. Puenan (Atlas 
Sponge Rubber Co., 1707 S. California Avenue, Monrovia, California). Attor- 
ney: Ceci Couuins (2875 Glendale Blvd., Los Angeles 39, California). Photog- 
rapher Emeritus: L. E. Bupnick (The Ohio Rubber Company, 6700 Cherry 
Avenue, Long Beach 5, California). Official Photographer: Bert Stuytrer (The 
Ohio Rubber Company, 6700 Cherry Avenue, Long Beach 5, California). 
Director to Division of Rubber Chemistry: D. C. Mappy (to 1963), Harwick 
Standard Chemical Company, 7225 Paramount Blvd., Pico Rivera, California. 
Officers Tenure: December, 1960 to December, 1961. Meeting Dates: (1961)— 
February 7, March 7, April 4, May 2, October 3 and November 7. 


New York Russer Group 


Chairman: H. J. Perers (Bell Telephone Laboratories, Murray Hill, N. J.). 
Vice-Chairman: R. DeTurK (Cooke Color & Chemical Co., Hackettstown, N. J.). 
Sgt.-at-Arms: W. Birxirr (Passaic Rubber Co., Clifton, N. J.). Secretary- 
Treasurer: R. G. SEaMAN (Rubber World, 630 Third Ave., New York 17, N. Y.). 
Directors: W. J. O’Brien, Bryant Ross, E. C. Struse, A. H. Woopwarp, J. T. 
Dunn, M. A. Durakis, W. R. Hartman, J. E. Wausu, R. T. Amprose, K. B. 
Cary, W. C. Carter, A. M. Gessier, E. S. Kern, M. E. Lerner. Officers 
Tenure: January 1, 1961-January 1, 1962. Director to Div. of Rub. Chem., 
ACS: C. V. Lunppera (to 1963). Meeting Dates: (1961)—Mar. 24, June 
(Summer Outing), Aug. 1, Oct. 20 and Dee. 15. (1962)—Mar. 23, June 7, Aug. 
(Golf Outing), Oct. 19 and Dee. 14. 
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NorTHERN CALIFORNIA GROUP 


Chairman: Vira. C. Price (Burke Rubber Company, 2250 South Tenth 
Street, San Jose 3, California). Vice-Chairman: Victor J. CARRIERE (Mans- 
field Tire & Rubber Company, 4901 East 12th Street, Oakland, California). 
Treasurer: Gene L. UNTERZUBER (Oliver Tire & Rubber Company, 1256 65th 
Street, Oakland 8, California). Secretary: Roger H. THatcuer (Union Rubber 
Company, 1002 77th Avenue, Oakland 21, California). Directors: EuGENne 
Gapor, Henri Krakowsk1, Rosert B. Stewart. Officers Tenure: December, 
1960—December, 1961. Meeting Dates: January 12, February 9, March 9, April 
13, May 11, June 8, September—open date for Summer Outing, October 12, 
November 9, December—open for Christmas Party. 


THE PHILADELPHIA RusBER GROUP 


Chairman: R. N. HeNpRIKSEN (Phillips Chemical Company, Trenton, New 
Jersey). Vice-Chairman: R. M. Kerr (H. K. Porter Company, Thermoid 
Division, Philadelphia, Pa.). Secretary-Treasurer: H. F. Smirn (Naugatuck 
Chemical Company, 97 Bayard Street, New Brunswick, New Jersey). His- 
torian: J. B. Jounson (Linear, Inc., Philadelphia, Pa.). Eaecutive Committee: 
E. C. Brown, K. E. Cuester, R. E. Connor, W. J. Macomser, K. F. Quinn, 
B. VanARKEL. Director to Division of Rubber Chemistry: R. A. Garrett (to 
1962). Officers Tenure: January 1, 1961 to January 1, 1962. Meeting Dates: 
January 27, April 28, August 18, October 13, November 3. 


Ruope Istanp Russer Group 


Chairman: Wauter BLecHARCZYK (Davol Rubber Company, Providence, 
Rhode Island). Vice-Chairman: Epwin C. Un.ie (United States Rubber Com- 
pany, Providence, Rhode Island). Secretary-Treasurer: JosepH ViTALe (Cres- 
cent Wire Company, Pawtucket, Rhode Island). Board of Directors: C. A. 
DaMIconE, JosEPpH M. Hastines, Vincent Casey, Tom 
Crossy, Harry Esert. Dir. to Div. of Rubber Chemistry, ACS: R. W. Szuuix 
(to 1962). Officers Tenure: January 1, 1961—January 1, 1962. Permanent 
Historian: Ropert Van AmbBurGH. Meeting Dates: April 6, June 8 and 
November 2. 


SouTHERN OHIO RusBerR Group 


President: Howarp G. GiuueTTe (Precision Rubber Prod. Corp., Dayton, 
Ohio). Vice-President: E. N. Iptotis (Inland Mfg. Division, G.M.C., Dayton, 
Ohio). Secretary: Joan H. Woopwarp (Inland Mfg. Division, G.M.C., Day- 
ton, Ohio). Treasurer: Donatp R. Srrack (Inland Mfg. Division, G.M.C., 
Dayton, Ohio). Directors: F. W. Gace, Harotp ScHwe.uer, D. L. ALLEN, 
C. R. Hest, R. L. Jacoss, M. K. Couurer, J. West, H. S. Karcu, 
W. F. Herserc, J. M. Wuuiams. Director to Division of Rubber Chemistry: 
H. E. ScHweuuer (1962). Officers Tenure: January 1, 1961-January 1, 1962. 
Meeting Dates: March 23, June 3, September 28 and Dee. 9. 


SouTHERN Russer Group 
Chairman: R. C. Wuirmore (Better Monkey Grip Company, P. 0. Box 6170, 
Dallas 22, Texas). Vice-Chairman: C. M. Wuite (Cabot Carbon Company, 
1309 Main St., Dallas 2, Texas). Secretary: R. W. Rice (Firestone Synthetic 
Rubber & Latex Co., Box 1361, Lake Charles, Louisiana). Treasurer: A. B. 


x 


Craic, Jr. (Witeo Chemical Company, P. O. Box 22443, Houston, Texas). 
Meeting Dates are as follows: Nov. 17-18, 1961, Memphis, Tenn. (Chisca Hotel). 
Jan. 26-27, 1962, Houston, Texas (Shamrock-Hilton). June 8-9, 1962, Bir- 
mingham, Ala. (Dinkler-Tutwiler). Nov. 9-10, 1962, New Orleans, La. 
(Roosevelt). 


WASHINGTON Ruspser Group 


President: Pumip Mirron (Materials Branch, U. S. Army Engineer Re- 
search and Development Laboratories, Fort Belvoir, Virginia). Vice-President: 
THomas A. THarp (General Tire & Rubber Company, 1120 Conn. Avenue, 
N. W., Washington, D. C.). Secretary: Dante Pratr (Code 634 C, Bureau of 
Ships, Navy Department, Washington 25, D. C.). Treasurer: Grorce G. 
Ricuey (National Bureau of Standards, Washington 25, D. C.). Director to 
Division of Rubber Chemistry: A. T. McPHERSON (to 1961). Officers Tenure: 
July 1, 1960 to July 1, 1961. Meeting Dates: January 25, March 8, April 19, 
May 17. 


THE CHEMICAL INSTITUTE OF CANADA RUBBER DIVISION 
OFFICERS AND SPONSORED RUBBER GROUPS 


Chairman: D. W. Hay (Polymer Corporation Limited, Sarnia, Ontario). 
Vice-Chairman: C. M. CroaKmMAN (Columbian Carbon of Canada, Toronto, 
Ontario). Secretary-Treasurer: W. A. Cuixeé (Canadian General Tower Ltd., 
Galt, Ontario). Directors: A. Hotpen (Canada Colors & Chemicals, Montreal, 
Quebec). W. J. Nicnot (Dunlop Canada Limited, Toronto, Ontario). L. 
Rosinson (Canada Wire & Cable Co., Toronto, Ontario). 


Tue Ontario Ruspser Group 


Chairman: W. R. SmitnH (Dominion Rubber Company Ltd., Kitchener, 
Ontario). Vice-Chairman: L. V. Lomas (c/o L. V. Lomas Chemical Company, 
Toronto, Ontario). Secretary: Bruce Wi.u1amMs (Feather Industries Ltd., 
Toronto, Ontario). Treasurer: W. J. HocG (Naugatuck Chemicals Division, 
Dominion Rubber Co., Ltd., Elmira, Ontario). Membership Chairman: FRANK 
Capstick (Dunlop Canada Ltd., Toronto, Ontario). Entertainment Chairman: 
B. Austin (Firestone Tire & Rubber Co., Hamilton, Ontario). 


Quesec Russer & Priastics Group 


Chairman: E. W. May (Naugatuck Chemicals, P. 0. Box 130, Place d’Armes, 
Montreal, Quebec). Past & Vice Chairman: J. M. Campse.i (Northern Elee- 
trie Co. Ltd., Wire and Cable Division, P. O. Box 6122, Montreal, Quebec). 
Secretary: L. V. Woytiuk (Northern Electrie Co. Ltd., Wire and Cable Divi- 
sion, P. O. Box 6122, Montreal, Quebec). Treasurer: R. B. Pi.mMer (Dominion 
Rubber Co. Ltd., P. O. Box 130, Place d’Armes, Montreal, Quebec). Member- 
ship: E. T. CHattacompBe (Du Pont of Canada Ltd., P. O. Box 660, Montreal, 
Quebec). Fall Smoker: D. B. Gustarp (Columbian Carbon (Canada) Ltd., 
Carbon Black and Pigment Division, 7147 Park Ave., Montreal 15, Quebec). 
Golf Outing: R. M. Buack (Bate Chemical Corporation, 470 Bridge St., 
Montreal, Quebec). Publicity: R. R. Vincent (Dominion Rubber Co. Ltd., 
P. O. Box 130, Place d’Armes, Montreal, Quebec). Education: Dr. F. R. More- 
HOUSE (Shawinigan Chemicals Ltd., Development Department, 600 Dorchester 
St. West, Montreal, Quebec). Speakers: J. A. Neau (H. L, Blaehford Ltd., 
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977 Aqueduct Street, Montreal, Quebec). House Committee: R. W. Dickson 
(The Pigment and Chemical Co. Ltd., 6333 Decarie Blvd., Montreal 29, Quebec). 
Ladies Night: L. B. Dunrorp (Northern Electric Co. Ltd., Wire and Cable 
Division, P. 0. Box 6122, Montreal, Quebec). Sgt. at Arms: J. R. CLOouTIER 
(Northern Electric Co. Ltd., Wire and Cable Division, P. O. Box 6122, Montreal, 
Quebec). Director at Large: A. R. OvertnG (British Rubber Co. Ltd., 500— 


20th Ave., Lachine, Quebec). 


ELECTION RESULTS—1961 
DIVISION OF RUBBER CHEMISTRY, ACS 


Officers (One-Year Term) 


Chairman G. E. Popp 
Vice-Chairman G. H. Swart 
Secretary L. H. Howland 
Treasurer D. F. Behney 
Director-at-Large A. W. Sloan 


Directors and Alternates—Rubber Group Areas 


(Three-Year Term) 

. L. Robinson Director 
. G. Cobbe Alternate 
. Gordon Director 
. Y. Connell Director 
L. Blair Alternate 
M. Bolt Director 
. B. Craig, Jr. Alternate 
. A. Wood Director 
. R. Britt Alternate 


Chicago 


Connecticut 
Fort Wayne 


Southern Rubber 


Washington 
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NEW BOOKS AND OTHER PUBLICATIONS 


AUTOHESION AND ADHESION OF HiGuH Potymers. S. S. Voyutskii. In Rus- 
sian. 242 pages; 332 references. Except for one paragraph the Foreword by 
V. A. Kargin and the Table of Contents, translated by Earl C. Gregg, Jr., 
read as follows: 


The ability to serve as an adhesive material is one of the most important 
properties of high polymers. As adhesives high polymers are utilized at the 
present time for the most diverse purposes, as the adhesive components of 
aircraft or in rubber goods. Another property of high polymers is their capa- 
bility of autohesion (self adhesion)—widely used in the technology of processing 
polymers during the joining of thermoplastics and obtaining molded articles 
and during the manufacture of films from the dispersions of high polymers, ete. 

The monograph of S. S. Voyutskii, (the result) of many years of working 
on the problems of autohesion and adhesion, represents his own summary of 
contemporary knowledge in this field. The value of the book lies in the fact 
that it was written with a single point of view, from the position of the so-called 
diffusion theory of autohesion and adhesion developed by the author. As is 
known, this theory, as a result of an examination of the phenomenon of adhesion 
of high polymers, is based on the most salient features (of the polymer)—chain 
structure and mobility of the flexible macromolecules which define the possibility 
of blending polymers in the interfacial layer. As is seen from the monograph, 
the author justly thinks that his theory is not universal but it envelopes a large 
part of adhesion and autohesion and the role of it is undoubtedly very great. 

In my opinion for all cases of possible mutual blending of polymers this 
theory, among others, is the most realistic and complete. In this book is found 
reflection and a different view on autohesion and adhesion of high polymers. 

The monograph of S. 8. Voyutskii undoubtedly will be helpful for scientific 
workers, engineers and technicians, all having immediate concern with adhesion 
as well as being occupied with the general questions of the technology of 
polymers; the book was written to answer practical questions. It is of in- 
disputable interest to physical chemists working in the field of high polymers 
because autohesion and adhesion are intimately bound to the structure and 
properties of the macromolecules of high polymers and also for the creation of 
a more complex, multicomponent polymeric system. 


TABLE OF CONTENTS 
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References (6) 
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3. The Diffusion Nature of Autohesion 


References (28) 


Chapter II. Influence of Various Factors on Autohesion 
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TrapE NAMES OF Ruspers, PLastics AND Resins. Volume 3. Rubber & 
Plastics Research Association of Great Britain, Shawbury, Shrewsbury, Shrop- 
shire, England. 84% by 1154 inches; paper bound; 242 pages. $10. This is 
the third volume of the RAPRA trade name listing, supplementing Volume 1, 
published in 1949 and covering the period from 1926 to 1949, and Volume 2, 
published in 1955 and covering the period from 1949 to 1954. Since this volume 
supplements Volumes 1 and 2, rather than being a complete list, it is unfortunate 
that Volume 1 is out of print. A few copies of Volume 2 are available, how- 
ever, and may be had together with Volume 3 for a combined price of $15. This 
invaluable volume contains a listing of all registered trade names, plus those for 
which registration applications have been made, covering, in all, more than 5,500 
product listings, with the name of the manufacturer and a brief description of 
the product. This supplementary list of trade names is about as long as the first 
one published in 1949, although it covers only five years, compared with 23. It 
is no wonder, then, that with such a profusion of product names, the listing is 
an essential reference book. Even for those who have the first two volumes of 
the listing (and most of us do not), the list would be more valuable if it were 
brought up to date in one volume, including such information as changes in trade 
names. Nothwithstanding, this book should be in everyone’s library. 

[From Rubber World.] 


A new journal Soviet Plastics is now published under the scheme sponsored 
by the British Department of Scientific and Industrial Research for cover-to- 
cover translations of important Russian journals. The translation is prepared 
by Rubber and Plastics Research Association and the journal published by 
Rubber and Technical Press Ltd., Gaywood House, Great Peter Street, 
LONDON, S.W. 1., to whom all orders and other correspondence should be 
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addressed. In “Soviet Plastics” are found articles on the chemistry of plastics, 
production methods and machinery, the testing of raw materials and finished 
products, and factory practice. The articles are of a high standard and provide 
detailed information for the plastics industries of the English-speaking world 
on the latest achievements of the Soviet Plastics Industry. The new journal is 
monthly and costs £14 per twelve issues. Each issue will contain approximately 
72 pages printed by letterpress. 


KautscHukK Hanpsucn. Volume II. Edited by Siegfried Bostrom. Pub- 
lished by Berliner Union G.m.b.H., Stuttgart, Germany. PVC cover, 644 by 9 
inches; 568 pages; 361 illustrations. 

In an irregular order of publication Volume III of Bostrom’s four-volume 
Rubber Handbook, appeared first, followed by Volume I—both reviewed in the 
November, 1960, issue of Rubber World, (page 48); (also in R. C. & T., Jan- 
uary—March, 1960 issue). The material he covers is divided into five parts, and 
the present Volume II, comprises the final chapters—14 through 18—of Part 1, 
Volume I, concerned with raw material, as well as Part 2, covering processing 
techniques and machinery. The raw materials considered in the present volume 
are: polysulfide rubbers, silicone rubbers, polyurethans and PVC, their prepara- 
tion, properties, and applications; reclaims of natural rubber, butyl, Perbunan, 
neoprene, silicones, and Vulkollans receive similar detailed treatment. 

Part 2, consists of 11 chapters, of which four give details of the preparation 
and vuleanizing of compounds of natural rubber; hot and cold butadiene-styrene 
polymers, blends and stereospecific polymers; butadiene-acrylonitrile copoiymers 
and blends; butyl rubber and latex. The next five chapters take up the use and 
effects of organic and inorganic compounding ingredients, plasticizers, extenders, 
pigments and other aids; the preparation and properties of cellulose hydrate 
fibers, wholly synthetic fibers (polyamide, polyester polypropylene and polyvinyl 
alcohol) ; the manufacture, properties, and application of tire cord. The final 
two chapters are devoted to machinery and auxiliary equipment. 

Originally, it had been the intention to devote three chapters in this volume 
to accelerators, antiagers, and peptizers, respectively, but these could not be 
prepared in time and will be included in Volume IV. As in the earlier volumes, 
each chapter in the present book is accompanied by more or less extensive 
bibliographies. [From Rubber World.} 


1960 SupPpLEMENT TO Book or ASTM Sranparps, INcLuDING TENTATIVES. 
Parts 9 and 10. American Society for Testing Materials, 1916 Race St., Phila- 
delphia, Pa. 9 by 6 inches. Heavy paper covers. $4 per part. (Complete 
set of supplements is $40.) 

The supplements are published annually between triennial publication of the 
Book of ASTM Standards. Part 9 covers plastics, rubber, electrical insulation, 
and carbon black, and Part 10 covers textiles, soap, water, atmospheric analysis, 
and wax polishes. 

Those familiar with the Book of ASTM Standards know that it is a very 
valuable compilation of testing standards. For those unfamiliar with the publi- 
cation, the 494-page Part 9 includes standards for rubber elastomers, latex, 
carbon black, sponge, hard rubber, coated fabrics, belting, hose, gaskets, automo- 
tive and aeronautical products, 68 standards for plastics, tests for mechanical, 
thermal, optical, and permanence properties of plastics, plus standards for 
rubber tapes, ceramics, mica, and other electrical insulating materials. 
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Part 10, which runs 334 pages, includes standards for fibers, yarns, threads, 
fabries, asbestos textiles, cotton, wool and man-made fibers, in addition to soaps, 
atmospheric analysis, and wax polishes. This book is a must for the technical 
library. [From Rubber World.| 


INTRODUCTION TO NATURAL AND SYNTHETIC Ruspers. D. W. Huke. Cloth; 
54, x 8% inches; 164 pages. Hutchinson & Co., Ltd., London, England. 
Price 25s. 

Here is a book with “introduction to” in its title which is precisely that. 
There are very few places where it becomes too technical or involved for under- 
standing by a reader not familiar with the rubber industry. In fact, it would 
be an excellent book for pupils at the high school or college level. It should also 
find great use in laboratories or plants to introduce the new chemist, engincer, or 
production supervisor to the field of rubber. 

While this reviewer would have to take issue with certain statements or 
descriptions in the book, it is quite well written and is presented in very logical 
order. The author, in his final chapter, states that he has the feeling that a 
great many more things ought to be included: new rubbers, additives, and 
processes to improve the final product, but that a halt had to be made some- 
where. It is unfortunate that he stopped where he did. A continuation includ- 
ing new materials and processes written in this simple clear language would be 
very useful. It is to be hoped that this will be done in any revision or sequel. 

The chapters on history and early developments are very well done and clear. 
Chapters on processing and compounding are not quite so complete. Major 
classes of compounding materials are included, but many groups of minor in- 
gredients have been left out. This omission may have been deliberate, but it 
would appear desirable at least to point out their existence. In processing, the 
areas of mixing, extruding, calendering, and some molding features are covered 
adequately. Raw stock preparation, mold and open steam vulcanization, and 
finishing steps should have been added, or existing sections expanded. 

The section on stereo synthetic natural rubbers is particularly weak. There 
is no indication that these rubbers are in commercial production, and the author 
passes over polybutadiene as if it were still a lab curiosity. 

This book is not a compounding guide, but a general description of natural 
rubber and most common synthetic rubbers viewed in the light of historical and 
chemical development with some practical aspects worked into this theme. 

[From Rubber World.]} 


INTERNATIONAL Rupper Directory. Walter Hirt, Editor. Cloth; 6 by 9 
inches; 692 pages. Verlag fur Internationale Wirtschaftsliteratur GmbH., 
P. O. Box 108, Zurich 47, Switzerland. Price in the United States, $17.00 plus 
postage (postpaid if remittance accompanies order). 

This book is a complete guide to the rubber industry throughout the world. 
It lists every rubber product manufacturer with his major lines of products and 
location. There are 72 countries containing rubber companies represented in 
the book. 

The book is divided into five sections. The first section is the listing of 
product manufacturers. This listing is broken down into continents, countries, 
and cities within the country. The information includes product line, number 
of employes, trade marks, brand names, subsidiaries, and affiliated companies. 
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The second section contains vocabularies of technical terms arranged first in 
German-English-French, then English-German-French, and finally, French-Ger- 
man-English order. Since the listings in the book may be in any one of the 
three languages, this section will prove very useful. 

The third section is the buyers’ guide and contains detailed descriptions for 
product line and foreign representatives classified both by countries and by 
product for all suppliers of raw materials to the rubber industry. 

The fourth section is a listing of proprietary names used in the industry 
throughout the world. 

The final section is an alphabetical listing of all of the firms contained in 
the book. 

This book should be a very valuable tool for anyone concerned with world- 
wide rubber industry or any major part of it and is quite interesting even to 
those whose interest might be academic or personal. [From Rubber World.]} 


Ruspser Rep Book. Directory of the Rubber Industry Thirteenth edition. 
M. E. Lerner, Editor. 84% x 111%, inches; 814 pages. Palmerton Publishing 
Co., New York 1, N. Y. Price, $15.00. 

To past users of the previous 12 editions of this directory, little need be said 
of the value to those in the rubber industry that this publication affords. In 
general, this edition is similar in make-up and content with the preceding edition. 
There are some minor changes which should prove beneficial. All suppliers to 
the industry are listed in one place this time rather than being scattered through- 
out the material sections. In addition, sales offices and phone numbers have 
been included where known, for extra convenience. 

In the mind of this reviewer, the large size and the paper cover are still 
detrimental to the most valuable use of this book. The cover stock weight has 
been increased this year, but is still not sturdy enough for a book which may 
receive considerable use during the year. In many places, copies are passed on 
to subordinates or associates at the end of the year and a torn copy with damage 
to the index loses some of its usefulness. The large size makes it very difficult 
to keep the book in a handy place on the desk where a reference book of this 
type is most useful. 

In balance, however, it is quite well done, and there is little question but 
what many people have been waiting for this delayed annual edition to appear. 

[From Rubber World.} 


PREPARATIVE METHODS OF POLYMER CHEMISTRY. By Wayne Sorenson and 
Tod W. Campbell. Published by Interscience Publishers, Inc., 250 Fifth Ave., 
New York 1, N. Y. 6% X 914 in.; 337 pp. $10.50. 

This book is a compilation of detailed procedures for the laboratory synthesis 
and handling of numerous types of polymers. It is designed both as a reference 
work and as a supplementary text for laboratory courses in polymer chemistry 
or advanced organic synthesis. The authors report that this type of reference 
work has been previously unavailable, and in making their assembly have relied 
on widely-seattered sources, including technical journals and patents. Where 
original literature did not contain sufficient data, additional material based on 
their own experience or that of their colleagues has been added. The authors 
are, respectively, research chemist and research manager at DuPont’s Pioneer- 
ing Research Division of the Textile Fibers Department. 

The procedures assembled here have been divided into five basie types, con- 
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taining most of the known classes of polymers and organic polymer-forming 
reactions. As defined, “polymer” is a substance of sufficiently high molecular 
weight, such that the properties have become reproducibly fixed. Among selec- 
tions they have included are many familiar plastics and synthetic rubbers. The 
five basic categories used are: polycondensation and hydrogen transfer polymeri- 
zation; addition polymers from unsaturated monomers; ring opening polymeriza- 
tion; non-classical routes to polymers, and synthetic resins. 

Specific procedures, worthy of mention to those involved in synthetic rubber 
chemistry, are contained in the series on addition polymerization. Among them: 
butadiene, styrene-butadiene copolymers, butadiene-acrylonitrile copolymers, 
isoprene (as polymerized with n-buty] lithium, finely divided lithium and with a 
titanium-based catalyst), styrene-isoprene; isobutylene-isoprene, and chloroprene. 

The book is well-documented with original sources of the preparations given 
in each instance. Drawings and illustrations used in the introductory chapter, 
on preparation, fabrication and characterization of polymers, are adequate. 

[From Rubber Age.]} 


RUBBER AND RAILWAYS IN THE NINETEENTH CENTURY. P.L. Payne. Cloth; 
534 by 834 inches; 216 pages. Liverpool University Press, Bedford House, 
75 Bedford St. South, Liverpool 7, England. Price, 30 s. 

Essentially this work on the firm of George Spencer & Co., which merged 
with the firm of Stephen Moulton & Co. in 1891, is a companion volume to an 
earlier work published by Liverpool University Press, a history of the Moulton 
company titled, “The Rise of the British Rubber Industry during the Nine- 
teenth Century.” 

George Spencer devised new rubber springing systems, vacuum hoses, valves, 
washers, window seals for use on British railways, had the parts made to his 
specifications by rubber producers and ironmasters, assembled the parts, and 
sold them to the railways. In a large sense he was one of the first of the modern 
manufacturing middlemen. 

Mr. Payne, Colqhoun Lecturer in business history at the University of 
Glasgow, has done a definitive study on George Spencer & Co., based on the 
Spencer papers, a collection of patent specifications, legal agreements, patent 
specifications, and letters to and from parts manufacturers, agents, salesmen, 
consulting engineers, and railway officials. Although basically for the specialist 
in rubber industry history, “Rubber and Railways in the Nineteenth Century” 
casts considerable light on the problems of a British manufacturer in the last 
half of the Nineteenth Century. [From Rubber World.]} 


Potymeric Martertats. By Charles Winding and Gordon D. Hiatt. 
Published by McGraw-Hill Book Co., 330 W. 42nd St., New York 36, N. Y. 
64% X 9% in.; 406 pp. $12.00. 

Polymers are the primary materials in the plastics, rubber, protective coating 
and textile fiber industries. Although these four industries developed separately 
and even today have separate sales and technical service forces where single 
companies overlap them, the authors have seen a need for a text which is unified, 
and covers the common denominator of them all. Their working assumption is 
that “For an engineer or scientist, a broad general background in polymeric 
materials, not restricted by industries, is desirable regardless of specific em- 
ployment.” 
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In this context, then, they have provided an introductory volume which con- 
centrates on the chemical, physical and engineering aspects of polymers. 

The success of the volume is accordingly dependent on the clarity and organ- 
ization and scope and depth of the material selected. Fortunately, both authors 
have used substantial portions of the manuscript as lecture notes in introductory 
courses on polymeric materials for several years prior to publication date. They 
report that students have readily accepted the order of presentation of material 
which they have incorporated here. This involves an initial introduction to the 
chemistry of polymers, including molecular structure and properties. This is 
followed by applications and fabrication methods. The first part thus covers 
fundamentals that are common to many polymers; the second contains detailed 
discussions of specific commercial polymers. 

By way of general comment, it should be mentioned that charts, tables and 
listings are exceedingly clear and straightforward. Typography is good. 

A listing of the specific chapters follows: (1) Polymer Structure and Poly- 
merization Reactions (2) Solutions and Molecular Weights of Polymers (3) 
General Properties of Plastics (4) and (5) General Applications of Polymeric 
Materials (6) Natural Products and Their Derivatives (7) Polymers Formed by 
Condensation Reactions (8) Ethenic Polymers (9) Silicones (10) Rubbers. 

References, pertaining to works in the four specific fields, are included at the 
end of each of the chapters. [From Rubber Age.]} 


The ASTM Bulletin is changed to Materials Research and Standards and is 
appearing in 1961 as Vol. 1. 


79th MEETING DIVISION OF RUBBER CHEMISTRY ACS 
BROWN HOTEL, LOUISVILLE, KENTUCKY 
April 19-21, 1961 


HIGHLIGHTS 


. Dr. Herbert E. Winkelmann was the 1961 Charles Goodyear Medalist, and 
the medal was presented to him at the Banquet. 

. An excellent lecture was given at the Meeting by Dean Henry Eyring of the 
University of Utah. (Page 32.) 

. Mr. Robert L. Murray and Mr. J. Donald Detenber of the E. I. du Pont de 
Nemours Company were the recipients of the Best Paper Award for their 
paper, “A Study of First- and Second-Order Transitions in Neoprene,” which 
was presented at the New York Fall Meeting in September, 1960. (Page 33.) 

. A number of items that were voted and approved by the Executive Committee 
are as follows: 


a. There will be no banquet in Cleveland for the Fall Meeting of 1962. 
(Page 32.) 

b. The Division of Rubber Chemistry Library can sell photostats of papers 
presented at National Meetings. (Page 12.) 

. A bylaw change should be written and obtained in which the Business 
Manager instead of the Editor of R. C. & T. prepares the budget for 
R. C. & T. 

. Bylaw changes involving the three-year term for Directors, deleting the 
Auditing Committee, and deleting a reinstatement charge for members and 
associate members late on dues payment are to be sent to Washington for 
approval. 

. The Business Manager of R. C. & T. should handle subscriptions instead 
of the Treasurer. 

. The mailing list is to be changed from Lancaster Press to Crawford Letter 
Company, and this latter concern is to handle dues collection. 

. A voucher system is to be used in which the Treasurer makes out a voucher 
for each bill and has it signed by the Chairman or Vice-Chairman before 
payment. 

. The Division is to sponsor a flight to Europe next spring to cover the 
Fourth Rubber Technology Conference in London, May 22 to 25, 1962. 
The Chairman is to appoint a Committee to handle this. 

i. For the Best Paper Award, papers should be judged on both quality of 
presentation and scientific content. 


. A number of assignments are as follows: 


a. The Future Meetings Committee is to report on future meeting hotels that 
have exhibit space, one and one-half years prior to the meeting. 
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. The Membership Committee is to make a recommendation at the next meet- 
ing as to whether there should be a differential in dues between United 
States membership and Mexican and Canadian membership. 

. The Nominating Committee is to get the cost of separate mailing of ballots 
and biographies and give a recommendation as to whether this should be 
done. Also, it is to make a specific recommendation on a bylaw change 
on petition balloting. 

. The Library Policy Committee is to make a recommendation at the next 
meeting concerning what can be done about Dr. H. J. Osterhoff’s proposal 
that the Division of Rubber Chemistry sponsor “Machine Searching of 
Rubber and Plastics Literature.” 

. The Treasurer is to make a definite recommendation at the next meeting 
on a place to handle the sale of past volumes of RuBBER CHEMISTRY AND 
TECHNOLOGY. 


Emeritus Members 


G. H. Brrrrarn C. D. Kennepy 

Sewarp Byam FREDERICK MARCHIONA 
R. D. GarTRELL J. J. Rankin (New) 

W. E. Guancy (New) A. O. ZIMMERMAN (New) 
F. L. Horproox (New) 


Necrology 


Eimer I. RamGa JONAS KAMLET 

August 28, 1960 December 16, 1960 

Cart A. BarTLE KENNETH C. CrousE, Sr. 
September 29, 1960 January 5, 1961 
NEwMAN W. C. A. Hemineway 
October 4, 1960 January 23, 1961 

GEORGE L. ALLISON Harry L. FISHER 
October 26, 1960 March 19, 1961 

CHarLes R. HayNES J. D. GAFFEN 

November 21, 1960 March 25, 1961 


Best Paper Committee, Chairman Harold Tucker 


Mr. Tucker reported that the paper, “A Study of First- and Second-Order 
Transitions in Neoprene” by Robert M. Murray and J. Donald Detenber, 
Elastomers Laboratory, Elastomer Chemicals Department, E. I. du Pont de 
Nemours and Company, was selected to receive the award for the best paper 
presented before the Division of Rubber Chemistry at the 138th Meeting of the 
ACS in New York, September 14-16, 1960. 

It was reported that a revised rating sheet is being used for the Division 
Meeting in Louisville, April 18-21, 1961. It was voted and approved by the 
Committee that for the Best Paper Award, the papers should be rated on both 
the quality of the presentation and the quality of the scientifie content. 


Bibliography Committee, Chairman J. McGavack 


Mr. M. E. Lerner reported.that the Bibliography for 1955-56 has been 
distributed; the one for 1957-58 will be ready in six months, and that the one 


es 


d 
e 
xxii 


for 1959 would be completed between the end of the year or early 1962. It was 
reported that we should show a profit on the Bibliography when we get it on 
an annual basis. 


TECHNICAL PROGRAM OF THE 79TH MEETING 


1—Introductory Remarks. W. S. Coz, Chairman. 

2—Thermodynamic and Transport Properties of Monomers and Polymers. 
Henry Eyrine (University of Utah, Salt Lake City, Utah). (Invited Paper.) 

3—The Structure of Various Natural Rubbers. F. W. Savery, J. L. 
Bryper, P. H. Bippison, M. J. Forster and H. G. Dawson (Firestone Tire and 
Rubber Co., Akron, Ohio). (Paper presented by Mr. Dawson.) 

4—Biaxial Fatigue Testing of Vuleanizates. S. D. Genman, P. Ronaut and 
D. I. Livineston (Goodyear Tire and Rubber Co., Akron, Ohio). (Paper pre- 
sented by Mr. Gehman.) 

5—Analysis of the Force-depth Relation in the Penetration of Rubber Com- 
pounds. G. S. Yen and D. I. Livinaston (Goodyear Tire and Rubber Co., 
Akron, Ohio). (Paper presented by Mr. Yeh.) 

6—The Measurement of Structure in Carbon Blacks. ANpries Vort, WiL- 
LiAM N. Wuirren, Jr. and Arcuie C. Terer (J. M. Huber Corp., Borger, 
Texas). (Paper presented by Mr. Voet.) 

7—The Analysis of Pigment Dispersion in Rubber by Means of Light Mi- 
croscopy, Microradiography and Electron Microscopy. M. Hess 
(Columbian Carbon Co., Princeton, N. J.). 

8—A Study of Ozone Resistance of Neoprene Vuleanizates. Perer Kar- 
SENIS and E. G. Partrince (TLARGI Rubber Technology Foundation, Univer- 
sity of Southern California, Los Angeles, Calif.). (Paper presented by Mr. 
Katsenis. ) 

9—Protection of Neoprene Latex Films Against Discoloration by Light. 
R. O. Becker and R. L. Sericman (E. I. duPont de Nemours & Co., Wilming- 
ton, Del.). (Paper presented by Mr. Becker.) 

10—Protection of Neoprene Vuleanizates Against Heat Aging. K. L. Seuie- 
MAN and P. A. Rousset (E. I. duPont de Nemours & Co., Wilmington, Del.). 
(Paper presented by Mr. Seligman.) 

11—Differences Between Butadiene-Acrylonitrile Copolymer Blends and 
Single Copolymers. Cari E. Fiemine (B. F. Goodrich Chemical Co., Avon 
Lake, Ohio). 

12—Swelling Effects of Liquids on Nitrile Rubbers. Pum. H. Starmer 
and Caru H. Lurrer (B. F. Goodrich Chemical Co., Avon Lake, Ohio). (Paper 
presented by Mr. Starmer.) 

13—Development and Application of a High Solids Nitrile Rubber Latex. 
J. M. Mrrcneiy, G. K. Watson and H. L. Wimu1ams (Polymer Corp., Sarnia, 
Ont., Canada). (Paper presented by Mr. Mitchell.) 

14—Coatings for Rubber. H. A. WinKeLMANN (Dryden Rubber, Chicago, 
Tll.). (Charles Goodyear Medal Lecture.) 

15—Urethan and Urethan-Urea Elastomers Prepared by a One-Shot 
Method. S. L. Axetroop, C. W. Hamiuton and K. C. Friscn (Wyandotte 
Chemicals Corp., Wyandotte, Mich.). (Paper presented by Mr. Axelrood.) 

16—New Techniques in Processing Urethan Elastomers. K. A. Picort, 
J. W. Britain, Arcuer, B. F. Frye, R. J. Core and J. H. Saunpers 
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(Mobay Chemical Co., New Martinsville, W. Va.). (Paper presented by Mr. 
Pigott.) 

17—Machine Literature Searching with the IBM-101. Leora E. Srraxa 
(Goodyear Tire & Rubber Co., Akron, Ohio). 

18—Injection Molding of Silicone Rubber. Rosert P. DeSreno (General 
Electric Co., Waterford, N. Y.) and Rosert FunrMan (Lewis Welding and 
Engineering Co., Cleveland, Ohio). (Paper presented by Mr. DeSieno.) 

19—Determination of Nonylphenyl Phosphite in SBR Latex and Polymer 
by a Direct UV Spectrophotometrie Method. Hernz J. Branpr (U. 8. Rubber 
Co., Naugatuck, Conn.). 

20—Antioxidant Efficiency of p-Phenylenediamines in Natural Rubber Vul- 
eanizates. O. Lorenz and C. R. Parks (Goodyear Tire and Rubber Co., Akron, 
Ohio). (Paper presented by Mr. Lorenz.) 

21—The Static U-Adhesion and Dynamic Strip Adhesion Methods for Tire 
Cord Adhesion Testing, W. H. Nicou and D. D. Ray (Goodyear Tire & Rubber 
Co., Akron, Ohio). (Paper presented by Mr. Ray.) 

22—Some New Interpretations of the Tire Cord Fatigue Phenomenon. 
W. G. Kier, W. J. Hampurcer and M. M. Puarr (Fabric Research Labora- 
tories, Inc., Dedham, Mass.). (Paper presented by Mr. Klein.) 

23—Tubeless Tire Performance Related to Inner Liner Properties. R. H. 
Duptey and J. V. Fusco (Enjay Laboratories, Linden, N. J.). (Paper pre- 
sented by Mr. Dudley.) 
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THE CHEMISTRY OF CARBON BLACK 
IN RUBBER REINFORCEMENT * 


C. W. Sweirzer, K. A. Burcess anp F. Lyon 


Co.tumBIAN Carson Company Researcu Lasoratories, Princeton, N. J. 


INTRODUCTION 


It is generally recognized that the three primary properties of carbon black 
involved in the reinforcement of rubber are particle size or surface, structure, 
and surface chemistry. Electron microscope investigations in the early 1940’s 
provided the means for rationalizing the reinforcement contributions of par- 
ticle size and structure. The role of carbon surface chemistry on the other 
hand, while extensively studied, has to a large extent remained unsolved. 

Wiegand and Snyder! in 1938 studied the acidic and basic properties of 
carbon black by pH measurements and correlated pH with cure rate as shown 
in Figure i. This was one of the first attempts to rationalize the effect of 
carbon black surface chemistry on rubber reinforcement and the studies 
indicated that the chemistry of the carbon particle could play a significant 
role in the behavior of carbon-rubber compounds. Since then the bulk of the 
work in this area has been directed to the identification of the oxygen-containing 
groups on the carbon surface. 

Villars? measured active hydrogen by the Grignard reagent and determined 
that about 26% of the total oxygen reacted with the methyl magnesium iodide 
Grignard reagent and from the quantity of methane evolved concluded that 
of this amount of reactive oxygen about 14% is bonded to an active hydrogen. 
Smith and Schaeffer’ observed a number of oxygen containing groups in the 
electronically excited emission spectra of carbon black. Studebaker‘, using 
the reaction of carbon black with diazomethane as his criterion, reported the 
presence of hydroxyl and carboxyl groups on the carbon black and also sug- 
gested the possibility of 1,4-quinone groups being present. More recently 
Hallum® demonstrated by polarographic and infrared spectroscopic methods 
the presence of hydroxyl and quinone groups on the surface of carbon black. 
Garten and coworkers® after extensive study concluded that the functional 
groups primarily responsible for chemical interaction with rubber were f-lactone 
groups on acidic carbons and chromene groups on basic carbon blacks. 

In contrast to the extensive investigations on the chemical nature of the 
oxygen functional groups on the carbon black surface, the chemistry of the 
underlying carbon surface itself has received relatively little attention. This 
lack of interest is understandable in the case of channel black where the amount 
of surface oxygen is sufficient to form a mono-layer over the whole surface. 
Whether or not such a layer actually exists is of course not known. A major 
portion at least of the channel carbon surface is covered with oxygen atoms 
chemically combined in one way or another with the carbon. In the case of 
furnace carbons, with smaller amounts of surface oxygen, the nature of the 


* Presented at the 78th Meeting of Division of Rubber Chemistry, ACS, NewYork, September, 1960. 
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WIEGAND -1938 
NO BLACK 


MINUTES TO OPTIMUM CURE 


L 


8 10 
pH OF CARBON SLUDGE 


Fic. 1.—pH of carbon vs. optimum cure for a natural rubber—DPG compound. 


LOSS OF CHEMISORBED OXYGEN AND CRYSTALLITE REARRANGEMENT 
BY HEAT TREATMENT OF CARBON BLACK 
— SCHEMATIC — 
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carbon surface itself would be expected to play a relatively more important 
role. Such surface active carbon could arise from the nature of the aromatic 
polynuclear structures comprising the surface layer. Such structures are 
relatively active, especially in complexing reactions, some of the bonds in 
polynuclear aromatics exhibiting a relatively high degree of bond order. In 
addition, the presence of unpaired electrons in carbon black has been shown 
by Collins et al.,7 and their influence on rubber properties, particularly modulus, 
has been demonstrated by Kraus and Collins* and Watson and Jervis’. 

The purpose of the present paper is to probe further into the role of oxygen 
functional groups and carbon surface activity, with the emphasis on the effects 
produced in the reinforcement of rubber rather than on the analysis of surface 
details. This might be termed a macro approach to the problem as opposed 
to the micro approach. 


EFFECT OF HEAT TREATMENT ON P RTI F_ MICRON Ww-6 


No '2 
COLOR ADS. ADS. 


CONTROL 
SEVOLATILIZED == 
GRAPHITIZED 


EXPERIMENTAL 


To follow this approach a series of treated carbon blacks were prepared to 
provide a wide variety of single variable changes in the quantity and type of 
surface chemistry on two standard tread carbons, EPC and ISAF. For 
convenience in testing and discussion these carbons are placed in two groups 
according to the primary treating process employed, removal of chemisorbed 
oxygen and the addition of chemisorbed oxygen. 

Removal of Chemisorbed Oxygen.—The carbon blacks employed were 
Micronex W-6 and Statex 125 representing the EPC and ISAF grades, re- 
spectively. Chemisorbed oxygen was removed by heat treating under a 
nitrogen atmosphere at 1950° F for two hours. This devolatilization treatment 
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TaBLe 
PRoPERTIES OF HEAT TREATED CARBONS 
Statex 125 Micronex W-6 
A A 


Heat treatment... .. None Devol- i Devol- 
atilized ized atilized 
Properties 
Color 140 
Tinting strength 116 
Oil absorption! 13.6 
adsorption? 107 
I, adsorption 104 
% Volatile 2.0 
ow 72 
otal acid* 72 
Ionized acid 1 
1 Stiff Paste-Ball End Point-gallon/100 lb. 
2 BET-m?/g. 
3 Equivalents NaOH X 108 neutralized/gram. 
4 Equivalents Acid or Base X 10 released on treatment with NaCl/gram. 


is sufficient to remove all oxygen from channel black, but higher temperatures 
are necessary for the complete removal of oxygen from furnace blacks®. This 
condition, together with a likely slight reoxidation of the carbon surface at 
room temperature before testing, results in a residue of oxygen on carbon blacks 


SANTOCURE 


CONTROL DEVOLATILIZED GRAPHITIZED 


Fig. 4.—Effect of heat treatment of Statex 125 on 40’L-300 in 2 polymers with 3 curing systems. 
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CONTROL DEVOLATILIZED GRAPHITIZED 


Fic. 5.—Effect of heat treatment of Statex 125 on crosslink density 
in 2 polymers with 3 curing systems at 60’cure. 


treated in the foregoing manner. The treatment is known, however, to have 
little effect upon the crystallite arrangement of the carbon black and so the 
basic carbon black surface structure is left unchanged. The state of the carbon 
black particle after devolatilization is presented schematically in Figure 2. An 
intermediate devolatilization, by treating the carbon for two hours at 1400° F, 
was also applied to the ISAF carbon and the effects produced were included in 
several studies. 

Both carbons were also partially graphitized by heat treating in a nitrogen 
atmosphere at 3500° F for two hours. This treatment removed any residual 
oxygen functional groups and also rearranged the surface crystallites. The 
crystallite rearrangement was indicated by X-ray diffraction patterns which 
showed the general sharpening of the absorption bands and the occurrence of 
the 004 band typical of the graphitization process. The electron microscope 
also showed the change from a spherical to a polyhedral appearance character- 
istic of graphitized carbon black. This change in the crystallite structure of 
the carbon black particle is also shown schematically in Figure 2. 

The specific changes in the chemical and physical properties accompanying 
these two treatments are tabulated in Table I and graphed in Figure 3. The 
tinctorial, absorption and adsorption results show that surface area and struc- 
ture are relatively unaffected by the treatments. Electron microscope exami- 
nation of the treated carbons revealed no change in particle diameter. The 
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Fic. 6.—Effect of heat treatment of Statex 125 on hot tear (212° F) in 2 polymers with 3 curing systems. 


loss in percentage oxygen volatile, essentially complete for the graphitized 
carbons, is reflected in decreased total acid and increased pH. 

Effect of removal of chemisorbed oxygen on rubber properties—The heat 
treated carbons, control, devolatilized and graphitized, representing successive 
steps in the removal of functional group and carbon surface chemistry, were 
tested in the two polymers and three curing systems shown below. 


Recipes 
£BR-1710 Natural rubber 
2 3 2 

Rubber 100 100 100 
Carbon black 50 50 
Zinc oxide d 3 3 
Stearic acid 
DPG 
Santocure! 
Sulfur 
Dicup? 


' sulf 
2 Dicumyl peroxide (Hercules). 
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The selection of these three curing systems, DPG-sulfur, Santocure-sulfur 
and Dicumy] peroxide as the crosslinking agents, was made for two reasons. 
lirst there was the increasing body of evidence that a large part of the rein- 
forcing action of carbon black occurs during the vulcanization step, both by 
direct reaction with the polymer" and by interaction with the curatives. 
Secondly, the recent evidence that the curing reaction may proceed by a polar, 
a mixed polar-free radical or a completely free radical mechanism”, made it 
desirable to study the effect of carbon black surface chemistry on the vulcaniza- 
tion reaction as a function of the type of curing reaction. These three curing 
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CURE 
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CONTROL DEVOLATILIZED GRAPHITIZED 
1400°F. I950°F. 2300°F. 3500° F. 


Fia, 7.—Effect of heat treatment of Statex 125 on properties in NR and OEP 
with DPG, Santocure and Dicup. 


systems were accordingly chosen following the Shelton and McDonel evidence, 
as being representative of a polar, a mixed polar-free radical and a pure free 
radical mechanism. 

Test results for the heat treated ISAF (Statex 125) carbons in SBR-1710 
with the three curative systems are given in Table II. The corresponding 
results in Natural Rubber are presented in Table III. Results for the Channel 
EPC (Micronex W-6) carbons in both polymers with the Santocure recipe are 
set forth in Table IV. Significant data from these tables are graphed in 
Figures 4 to 6. 
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TaBLe IV 


RvuBBER PROPERTIES OF HEAT TREATED Micronex W-6 
In NR anp SBR-1710 Santocure ReEciPe 


SBR-1710* 


Treatment vol. Graph. “None Devol. Graph. 
Vulcanized properties (cured at 293° F) 


Optimum cure 
10’ L-300 
10’Tensile 
45’ L-300 
45’ L-500 
45’ Tensile 


Dispersion visual 
Dispersion mic. 
Crescent tear 

De Mattia flex 
Crosslink density 


Unvulcanized properties 
Mooney scorch 
5 Units 
35 Units 
% Carbon gel 


* Vulcanized properties at 20’ and 60’ cures. 


In all curing systems in both polymers the heat treatment steps apparently 
have little effect on time to optimum cure although a slight retarding action is 
observed with the graphitized carbon in the Santocure system. In fact there 
was no indication of a carbon black-curative interaction in any of the curative 
systems based on the observed vulcanizate properties. In view of this con- 
clusion the general effects in all curative systems are presented graphically in 
Figure 7. It is apparent that no major loss in reinforcement potential develops 
in Statex 125 with almost complete loss of surface oxygen. The large changes 
take place only after the crystallite growth and rearrangement process 
sets in. 

Those properties generally associated with the chemical interaction of 
carbon black and elastomers, such as carbon gel content of the unvulcanized 
stock, modulus and crosslink density, either show no decrease or only slight 
increases when chemisorbed oxygen is removed from the surface with no 
material alteration of the underlying carbon structure. Tear strength is 
definitely improved in all curative systems. The intermediate 1400° F treat- 
ment produced a slight but significant modulus increase. These findings are 
not in accord with those of previous investigators'’® who showed a steady de- 
crease in these properties with removal of surface oxygen. 

Rebound resilience does however drop as surface oxygen is removed and 
drops further as the carbon surface becomes graphic. It is possible that re- 
bound, in measuring the mechanical hysteresis which primarily occurs at the 
carbon-rubber interface, is more sensitive to bond strength and that these 
bonds which replace oxygen linkages on the devolatilized surface are somewhat 
weaker. 
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Fia. 8.—Effect of heat treatment of Statex 125 on energy of rupture (control = 1.0). 


The results for Micronex W-6 given in Table IV show modulus produced 
by the devolatilized Micronex to increase. At least part of this increase is 
undoubtedly due to the well known effect of surface oxygen upon sulfur cure. 

Previous data concerning this point are conflicting. Two reports'*: “ stated 
that channel black modulus decreases, whereas another’® claims that modulus 
increases after a similar treatment. It is probable that, apart from the cure 
effect, a slight modulus increase is produced with the removal of oxygen from 
channel black as is the case with furnace black. Increased chemical activity, 
arising perhaps from increased unpaired electron concentrations, may be 
responsible. 

The effect of the drastic heat treatment, which leads to partial graphitiza- 
tion, on modulus is, however, well defined as previously observed. This drop 
in modulus for the graphitized black leads to a significant decrease of rupture 
energy as determined by the area under the stress-strain curve (Figure 8). 
Road testing of SBR-1710 treads compounded with these three blacks gave the 
results presented in Figure 9. These wear results show a striking correlation 
with the energy of rupture. Again, a relatively small effect is produced both 
upon rupture energy and road wear by devolatilizing. Only when the carbon 
surface itself is altered is a marked effect produced. The wear performance of 
the graphitized black, at 65% of control, which checks well with previous 
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Fic. 9.—Effect of heat treatment of Statex 125 on energyof rupture vs. road wear. 
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OXIDATION OF ISAF CARBON BLACK 
SCHEMATIC 


CONTROL OXIDIZED THERMAL Ox!DIZED- Co-2 OXIDIZED - 


SURFACE AREA i768 
% VOLATILE 2 5 5 5 

TOTAL ACID 70 330 240 370 
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Fig. 12.—Effect of oxidation treatment of Statex 125 on vulcanizate properties 
in SBR-1710 with Santocure. 
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Fic. 13.—Effect of oxidation treatment of Statex 125 on vulcanizate properties in SBR-1710 with DPG. 


findings must be attributed to physical bonding only since chemical bonding 
has been completely eliminated. It is this combination of physical and 
chemical bonding that distinguishes carbon black as a superior reinforcing 
pigment in rubber. 

Addition of chemisorbed oxygen.—Oxidation of the surface of Statex 125 
(ISAF) was carried out by three methods in order to develop differences in the 


TABLE V 
PROPERTIES OF OXIDIZED StTaTEXx 125 
Oxidation 
Properties 
Color 
Tinting strength 
Oil absorption! 
N, adsorption? 
I, adsorption 
Volatile 


p 
Total acid® 
Tonized acid 


1 Stiff paste-ball end point-gallon/100 lb. 
2 BET-m?/g. 

3 Equivalents NaOH X 10¢ neutralized/gram. 

4 Equivalents acid or base X 10° released on treatment with NaCl/gram. 
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kind of oxygen functional groups at the same total combined oxygen level. 
These differences in kind of groups should, it was felt, bring out differences in 
the nature of the interaction with the polymer provided the type of oxygen 
functional groups was a significant factor. 

The first oxidation treatment was carried out by thermally heating the 
carbon in air at a temperature of 750° F for 14 hours. The two chemical 
oxidations were carried out at room temperature under conditions required to 
add substantially the same amount of oxygen to the carbon surface as the 
thermal treatment. 

The effects of these treatments on the physical and chemical properties of 
the black are shown in Table V and Figure 10. The tinctorial, absorption and 
adsorption results indicate little change in the surface area and structure of the 
chemically oxidized carbon although thermal oxidation significantly increased 
the area. Again, particle diameter, as estimated by electron microscope ex- 
amination, was unchanged. The properties associated with added oxygen 
were, however, changed significantly. At substantially the same oxygen 
volatile level these treatments developed significant differences in the pH, 
total acid and ionized acid, indicating unquestionably marked differences in 
the nature of the oxygen functional groups. A schematic picture of the 
variations in the make-up of these groups is presented in Figure 11. 
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Fia. 14.—Effect of oxidation treatment of Statex 125 on vulcanizate properties in NR with DPG, 
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Fie. 15.—Effect of oxidation treatment of Statex 125 on time to optimum cure 
in 2 polymers with 3 curing systems. 


The thermal treatment and the CO-2 treatment developed oxygen groups 
of essentially the same type. Total acid was increased on both over that in the 
control. (‘‘Ac’”’ in Figure 11 indicates an acidic oxygen functional group.) 
The only difference lies in the increased porosity indicated for the thermal 
treatment. The CO-1 treatment produced both more acidic oxygen groups as 
well as much more ionizable hydrogen than the other two treatments. 

Effects of added chemisorbed oxygen on rubber properties —This series of 
oxidized carbons was also tested in two polymers (SBR-1710 and natural 
rubber) with the same curative systems (DPG-sulfur, Santocure-sulfur and 
Dicup), with the summarized results of SBR-1710 given in Table VI and the 
more significant results presented graphically in Figures 12, 13, 14, 15, 16. 

It is apparent that except for the expected retardation of cure rate for the 
DPG and Santocure recipes caused by the oxidized blacks, only minor changes 
in vuleanizate properties were produced by the differences in the type of 
oxidation. Results in the dicumyl peroxide system, in which vulcanization 
has been stated to proceed by a free radical mechanism, differed in several 
respects from those in the other two systems. This was especially true of cure 
rate and modulus. None of the oxidation treatments had any effect upon cure 
rate in the natural rubber dicumyl peroxide system, although as expected a 
decisive effect was produced on cure rate in the sulfur systems. A smaller 
effect was produced in the SBR-1710 peroxide cure. 
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This result has several implications: first, some confirmation is given to the 
polar mechanism of sulfur vulcanization. The more polar surface of the 
oxidized carbons can be regarded as an ion trap, in the same sense as the 
quinones and hydroquinones are used as free radical traps by Shelton and 
McDonel, and act to terminate the reaction through ion adsorption on the 
carbon surface. 

Concurrently with the increase in polarity of the carbon surface produced 
by adding chemisorbed oxygen, the ability of the carbon to adsorb and in- 
activate free radicals is also increased. This ability has been observed both 
directly and indirectly in numerous instances and may account for the cure 
retardation of the SBR-1710 peroxide system by the oxidized carbon. The 
lack of retardation observed in the natural rubber-peroxide system may result 
from increased free radical adsorption during mastication which partially or 
completely saturates the adsorption sites. The presence of different anti- 
oxidants in the SBR-1710 and natural rubber is a complicating factor, especially 
marked in the peroxide cure system, which may alter the action of the carbon 
black. 

The oxidized carbon black-peroxide interaction observed in natural rubber 
and SBR-1710 cure rate is also found with crosslink density and modulus. 
These effects are in the expected direction, i.e. in natural rubber-peroxide cures. 
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Fic. 16.—Effect of oxidation treatment of Statex 125 on properties in NR and OEP 
with DPG, Santocure and Dicup. 
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Fia. 17.—Role of structure and surface chemistry on modulus of ISAF carbon, 
fineness and surface area constant. 


Crosslink density is unaffected by added oxygen while the level falls off for the 
other combinations. The same is true for modulus. In both cases, the effect 
is slightly greater for the CO-1 treatment which produces a generally more polar 
surface. The slightly decreased tensile produced by the oxidized carbon in the 
natural rubber peroxide curative system is associated with a reduced degree 
of carbon dispersion. 

Modulus via structure and surface chemistry effects.—It has been shown in the 
preceding sections of the paper that modulus is reduced drastically by graphi- 
tization, due to destruction of all oxygen functional groups as well as the 
underlying surface chemical activity. In spite of the normal structure level. 
modulus is also drastically reduced by added oxygen which affects cure. The 
role of structure in modulus development is obviously dependent upon the 
presence of normal surface chemical activity. 

Furnace carbons of normal surface chemical activity with lowered structure 
have been developed recently in the HAF, ISAF and SAF ranges of fineness, 
the Columbian grades identified as Neotex 100, Neotex 130 and Neotex 150, 
respectively. Typical properties of Neotex 130 are shown in Figure 17. It is 
noted that with volatile and cure rate substantially equivalent to that for 
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Statex 125, the Neotex 130 develops a significantly lower modulus due entirely 
to the structure reduction indicated by oil absorption. 

The mechanical breakdown of structure, by ball milling for example, will 
also lead to lower modulus as shown in Figure 17. This structure reduction, 
however, is accompanied by an increase in volatile, with a resultant decrease in 
the rate of cure, the combined effect of the two factors being to decrease modulus 
to levels lower than can be accounted for by structure reduction alone. Figure 
17 demonstrates the two approaches to modulus control at constant fineness 
and surface area, via structure reduction at equal volatile and cure, or via 
chemical effects such as increased volatile or destroyed chemical activity at 
equivalent structure. 


CONCLUSIONS 


1. The removal of chemisorbed oxygen from channel black and furnace 
black, without alteration of the underlying carbon surface, results in only 
minor effects in reinforcement potential regardless of the curative system 
employed, whether polar or free radical. 

2. When the underlying carbon surface is changed by heat treatment to a 
state of lower energy, a significant decrease in the reinforcing ability of the 
carbon black results. 

3. Different types of oxygen functional groups added to the carbon surface 
produce similar effects upon rubber properties. 

4. These effects are limited to retardation of cure rate in sulfur curing 
systems. Only small effects of any kind are produced in the natural rub- 
ber-peroxide system. 

5. The net conclusion to be drawn is that combined oxygen on the carbon 


surface plays a relatively minor role in the chemical effect of carbon black upon 
reinforcement; the nature of the carbon surface itself is of primary importance. 
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PEROXIDE AND RADIATION CURED COMPOUNDS 
FILLED WITH REINFORCING FINE 
PARTICLE SILICA * 


J. W. Setters, M. P. Waener, B. J. DeWrrt, 
C. C. anv J. B. BACHMANN 


Barserton Lasoratoriges, Drviston, 
Prrrssures Pirate Grass Company, BarBerTon, 


INTRODUCTION 


A hydrated fine particle silica, Hi-Sil 233, has particle dimensions character- 
istic of a fully reinforcing filler’: ? and undergoes chemical filler-polymer inter- 
actions similar to a typical HAF carbon black (Philblack 0)*. Initial evidence 
for ability to undergo filler-polymer interactions appears in the formation of 
filler-polymer gel (bound rubber) during the mixing or heating of simple filler- 
elastomer mixtures. Data have been presented which show that, similar to 
the HAF black, the fine particle reinforcing silica forms significant amounts 
of bound rubber by a process which is substantially chemical and proceeds by 
a free radical mechanism’. A mechanism by which reactive polymer chain 
fragments can be accepted for crosslinking purposes by reinforcing fillers of 
dissimilar surface chemistry has been proposed’. 

Although the fine particle silica reinforces common elastomers crosslinked 
by the usual sulfur vulcanizing systems, its high potential suggested by bound 
rubber behavior remains to be fully realized. A valid measure of the degree 
to which the reinforcing potential of a filler is developed is the value of the 
ratio n/no, the crosslink density of the cured, filled compound divided by the 
crosslink density of the similarly cured, unfilled control. For Hi-Sil 233 filled- 
SBR and Hevea vulcanizates, the value of this ratio seldom exceeds one! at 
practical loadings, despite the combination of over 85% of the sulfur* °. 

Vulcanization by means of dicumyl peroxide or radiation leads to ideal 
model systems for study of the n/no ratio. Crosslinking is reported to proceed 
in each for both filled and unfilled mixtures by a relatively uncomplicated free 
radical mechanism*®*. Also, the use of such curing systems permits the 
association of any filler-polymer activity more directly with bound rubber 
development occurring by a free radical mechanism. 


EXPERIMENTAL 


Natural rubber used in this study was No. 1 ribbed smoked sheet. The 
reinforcing fillers were fine particle reinforcing silicas made by Columbia- 
Southern Chemical Corp., Hi-Sil 101 (no longer produced) and Hi-Sil 233, and 
a high-abrasion furnace (HAF) carbon black, Philblack 0, made by Phillips 
Petroleum Co. Other curing ingredients were common rubber grade products 
obtained from a variety of sources. The filler and rubber were mixed in an 


* Reprinted from the J. oe. Poe. Sci. 5, 397 (1961). Presented before the Division of Rubber 
i A e present address of J. B. Bachmann is Department of Chemistry, 


The University of Akron, Akron, Ohio. 
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TABLE [ 
FORMULATIONS FOR RADIATION CURE 
A-R B-R C-R D-R E-R 


No. 1-RSS 100 100 100 

Antioxidant* 2 

Hi-Sil 233 29.3 

* Antioxidant 2246 (American Cyanamid), 2,2’-methylenebis(4-methyl-6-tert-butylphenol). 


00 
2 
58 


54.0 


internal mixer (Banbury, size B). In the peroxide study, dicumyl peroxide 
was added on the mill to the masterbatch and the stock sheeted out for curing. 
For the radiation study, the filler-rubber masterbatch was divided into two 
portions. One aliquot was sheeted out and submitted for radiation. To the 
second portion, the conventional sulfur curing ingredients were added on a mill 
and the mixture sheeted out for curing. All sheets were 0.075 in. gage. 

The peroxide and sulfur vulcanized compounds were cured between alumi- 
num foil in preheated laboratory presses at 2000 psi and 153° C and 142° C, 
respectively. Rubber-filler slabs were irradiated in air at the Stanford Re- 
search Institute under the direction of Dr. Richard Glass, using a 1-Mev 
resonant transformer at the rate of 7 X 10° reps/min. Half of the total 
radiation dose was applied to each side of the slab. 

Physical testing of vulecanizates was carried out by customary procedures. 
Crosslink density, 7, was determined by equilibrium-swelling’: ™. 

For the peroxide study, the compounds were cured with dicumyl! peroxide 
(90% purity, Hercules), 1.8 PHR, and contained either no filler or 50 PHR of 
filler as noted. In the radiation work, the compounds were formulated as 
follows (Table I). The respective sulfur cured controls were compounded as 
shown in Table II. 


DISCUSSION OF RESULTS 


Peroxide cure.—In Figure 1, the development of crosslinks as a function of 
time of cure is shown. The curves indicate that the optimum cure time for all 
compounds is similar, and that the contribution of filler to crosslink density over 
that of the unfilled control, is substantial for all fillers. The extent of the 
contribution of the filler is more apparent by a consideration of the value of the 
crosslink ratio n/m (Table III). The crosslink ratios listed in Table III reveal 
that the filler contribution of the silica filled peroxide cured compound, where 
the decomposition mode of the curing agent is unaffected (Hi-Sil 101), ap- 
proaches that of HAF black. Kraus® in his work found only a 20% “black 
contribution” (n/no = 1.2) for an HAF black filled dicumyl peroxide-cured 


TaB.e ITI 
FORMULATIONS FOR SULFUR CURE 


A-S 


No. 1-RSS 100 100 
Antioxidant* 2 2 
Hi-Sil 233 29.3 58.5 58.5 
Philblack 0 — 54.0 
Curatives> 16 16 16 16 16 16 


* Antioxidant 2246 Cyanamid), 2 .2’-methylenebis (4-methy|-6-tert-butylphenol). 
> Antioxidant 2246, 1.0; 2,2’-d , 0.8; di-o-tolylguanidine, 1.2; triethanolamine, 2.0; 
sulfur, 3.0; stearic acid, 3. 0; zinc wade, 5.0. 
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Fig. 1.-——Fffect of fillers on crosslinking in dicumyl peroxide (DCP)-cured natural rubber. 


SBR compound. In a neutral or alkaline environment, dicumyl peroxide 
thermally decomposes in a homolytic manner to free radical fragments which 
initiate he crosslinking process during cure’. Acid catalyzed decomposition, 
however, yields ionic intermediates which do not promote crosslinking". 
Apparently the more neutral Hi-Sil 233 contains a few acid sites on its surface. 
In the vicinity of these sites, the peroxide decomposes ineffectually. 

A simple calculation shows that the amount of peroxide used should yield 
0.6 X 10~* moles of crosslinks/g rubber—assuming one crosslink per mole of 
peroxide. On this basis, the efficiencies of crosslinking for the unfilled, the 
Hi-Sil 233-filled and the Hi-Sil 101-filled compounds are 100%, 160% and 
190%, respectively. 

Radiation cure-——The production of crosslinks in the radiation cure is a 
linear function of dosage, whether the elastomer is unfilled or filled with fine 
particle silica or carbon black (Figure 2). Arnold and his coworkers” reported 
a similar result for compounds containing HAF black in SBR or Hevea ir- 
radiated by spent-fuel elements. As measured by the value of the n/m» ratio, 
the filler contribution to crosslink density increases with loading of silica as 
would be desirable in a fully reinforcing filler (Table IV). Such behavior is 
common with highly reinforcing blacks in conventional curing systems. As 
usual, however, the /no value for sulfur cured compounds filled with the silica 
did not change with loading. The filler contribution by Hi-Sil 233 in the 
radiation cured compounds is large as compared to that found in the usual 


TaB_e III 


CROSSLINKS AND Fitter (50 PHR) Conrrisutions at Optimum CuRE* 
DicumyL PeRoxIpDE IN HEVEA 


Crosslinks X 10*, 
Filler moles/g 


None 
Hi-Sil 233 
Hi-Sil 101 
Philblack 0 


* 120 min at 153° C, 
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TaBLe IV 


COMPARISON OF FILLER CONTRIBUTION OF HI-S1IL 233 LoADED 
Compounpbs, SuLFuR oR RADIATION CuRED 


n/no at Optimum cure 


Sulfure 
1.1 


min. at 142°C. 
X 107 reps. 


*30 
sulfur vulcanizates. For radiation cures, the filler contribution to reinforce- 
ment (n/n) in the silica compound also is much higher than in the black 
mixture (Table V). As reflected by 100% modulus values, Lamm and Made- 
laine recently reported a similar observation from their work on the radiation 
of Philblack 0 or Hi-Sil 233 natural rubber mixtures by a Co™ source in air. 
Thus, the potential of silica to reinforce elastomers in a compatible curing 
system, equivalent to the most efficient blacks, appears unequivocal. 

Because of possible oxidation effects which might be encountered during 
radiation in air 2 PHR of a sterically hindered phenol [2,2’-methylene-bis(4- 
methyl-6-tert-butylphenol) ] was added, respectively, to a sample of unfilled 
rubber (compound B-R) and to one containing 30 volumes of silica (compound 
E-R). The results are summarized in Table VI. 

The silica increases the efficiency of the crosslinking reaction initiated by 
radiation by a factor of about 4 whether the antirad is present or not. The 
magnitude of constancy of the efficiency factor F, for this antirad was sur- 
prising considering the limited resonance structures for the molecule. The G 
values for crosslinking found here for irradiation of the unfilled sample in air 
are in excess of those generally reported in the literature”. 
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Fig. 2.—Effect of fillers on crosslinking in radiation-cured natural rubber. 
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TABLE V 


CoMPARISON OF FILLER CONTRIBUTION OF RADIATION CURED SILICA AND 
HAF Buack Loapep Compounps (30 VotumME LOADING) 
Filler n/no at Optimum cure* 
Hi-Sil 233 3.6 
Philblack 0 2.3 
*8 X 107 reps. 


The silica vulcanizates for this study were prepared chiefly for structural 
studies and no attempt was made to obtain an optimum balance of physical 
properties. In general, however, properties such as tensile were lower inthe 
radiation than in the sulfur cures. These differences are shown in Table VII 
and compared with similar results reported by other investigators!®: * '. 
Noting that the tensiles of peroxide and radiation cures were lower than those 
of similarly filled sulfur vulcanized compounds, Pinner’ blamed the rela- 
tively rigid carbon-carbon linkages between polymer chains. He advanced the 
concept that the sulfide bonds present in sulfur cures are more easily broken 
when stressed thus permitting chain redistribution and alignment before 
reforming and, finally, the crystallization necessary for high stress. 


TaBLe VI 
Errect oF Free RapicaL SCAVENGER* ON CROSSLINKING IN RapIaATION CuRE» 
G, 1/100 ev 
Filler Without additive With additive 

None 0.74 0.35 

Hi-Sil 233, 30 vols. 2.7 1.4 
* 2,2’-methylenebis(4-methyl-6-tert-butylphenol), 2 PHR. 
» Dose: 8 X 107 reps. 


n (with additive) 
» (without additive) 


Fraction of crosslinks stopped, F = 


SUMMARY 


The potential of fine particle silica to reinforce elastomers to an extent 
comparable with the most efficient furnace blacks has been indicated by the 
extent and nature of bound rubber formation. This potential has been con- 
firmed in peroxide and radiation cures by the increase in crosslink density of the 
filled over the unfilled natural rubber mixtures. Confirmation in these curing 
systems stimulates further research designed to realize this high potential not 
fully attained in present sulfur cures. 


VII 
CoMPARISON OF TENSILE STRENGTH IN RADIATION AND SULFUR CURES 
Tensile at optimum cure, psi 
A 


Filler “Radiation Reference 
Hi-Sil 233 2830" This work 
Hi-Sil 233 4050 Reference 12 
Philblack 0 1950 Reference 14 
Furnace black 2230 Reference 15(a) 
None 1900 Reference 15(d) 


*cure: 8 X 107 reps. 
> cure: 30 min at 142° C. 


Ey, 
x 
Nay 


RUBBER CHEMISTRY AND TECHNOLOGY 


ACKNOWLEDGEMENT 


The assistance of Mr. Gerald Humes in this investigation is gratefully 
acknowleged. 


REFERENCES 


1 Studebaker, M. L., Rusper Cuem. & Tecunot. 30, 1400 (oe). 
2 Bachmann, J. H., Sellers, J. W., Wagner, M. P. and Wolf, R. F., Russer Cuem. & TecuNno.. 32, 1286 


(1959). 

3 Wagner, M. P. and Sellers, J. W., Ind. Eng. Chem. 51, 961 (1959). 

4 Laning, 8. H., Wagner, M. P. and Sellers, J. W., J. Appl. Polymer Sci. 2, 225 (1959). 

5 Kraus, G., Rubber World 135, 67, 254 (1956); Rusper Cuem. & TecHNo., 30, 928 (1957). 

¢ Bueche, A. M., J. Polymer Sci. 15, 105 (1955); Rusper Cuem. & TECHNOL. 28, 865 (1955). 

7 Dannenberg, E. M., Jordan, M. E. and Cole, H. M., J. Polymer Sci. 31, 127 (1958); ef. also Parks, C. R. 
and Lorenz, O. Presented at the Meeting of the Division of Rubber Chemistry of the American 
Chemical Society, Buffalo, N. Y., May, 1960. 

8 Charlesby, A., ‘Atomic Radiation and Polymers,’’ Pergamon — New York, 1960. 

* Flory, P. J. and Rehner, “4 Jr., J. Chem. Phys. 11, 512 (1943) 

10 Adams, H. E. and Johnson, B . L., Ind. Eng. Chem. 45, 1539 (1953) ; Russer Cuem, & TeEcHNOL. 26, 741 


(1953). 

1! Kharasch, M. 8., Fono, A. and Nudenberg, W., J. Org. Chem. 15, 748 (1950). 

12 Arnold, P. M., Kraus, Gerard and Anderson, H. R., Jr., Kautschuk u. Gummi 12, WT 27 (1959); Rubber 
and Plastics Age 40, 836 (1959); —_ G., U. &. 2,964,457 (1960). 

13 Bauman, R. J. Appl. Polymer a. , 328 (1959); Turner, D. T., J. Polymer Sci. 27, 503 (1958); 
RUBBER & 31, (oss). 

4 Lamm, G., Lamm, A. and Madelaine, cf Kautschuk u. Gummi 13, WT 80 (1960). 

15 (a) Dogadkin, B. A., Tarasova, Z. N., Kaplunov, M., Karpov, V. and Klauzen, N., Kolloid., Zhur. 20, 

50(1958); Rupper Cuem. & TECHNOL. 32, 785(1959); (b) Nikitina, T. S., Kuzminskii, A. §., 

Cheentevesh, L. A. and Karpov, V. L., ‘Proceedings of the First All-Union Conference on Radiation 
Chemistry,” f 275 (1957); (c) Johnson, B. I.., Adams, H. E. and Barzan, M., Rubber World 137, 
73 (1957); (d) Gehman, S$: D., and Auerbach: I., Intern. J. Appl. Radiation and Isotopes 1, 102 
(1956); (e) Pinner, S. H., ibid., 5, 121 (1959). 


734 


RADIATION CROSSLINKING OF RUBBER. YIELDS 
OF HYDROGEN AND CROSSLINKS* 


D. T. TurRNER 


NaturaL Russer Propucers’ RESEARCH ASSOCIATION, 
Wetwyn Garpen City, Herts., ENGLAND 


INTRODUCTION 


On exposure to high energy radiation natural rubber is crosslinked!:? and 
hydrogen’ evolved. Similar and more extensive observations on polyethylene 
have been interpreted as indicating that one molecule of hydrogen is evolved 
for each crosslink formed*. As free radicals have been detected by para- 
magnetic resonance studies‘, and their presence has been inferred from reactions 
with monomers and oxygen, considerable support has been given to the simple 
crosslinking mechanism outlined by the following reactions’, in which RH 
represents polyethylene: 


RH — R-+H- 
H-+RH — R-+H, 
2R- — R—R 


The yield of crosslinks has been estimated from stress-strain and swelling 
measurements by reference to simple rubber elasticity theory. Properly, for 
use in stoichiometry, an estimate should be derived of the yield of carbon-carbon 
crosslinks. This requires corrections to be made for the influence of the initial 
molecular weight of the polymer, radiation-induced fracture, and entangle- 
ments. Such corrections require a detailed knowledge which is only available 
for natural rubber and which has been applied in the present paper. 

Evidence for free radical intermediates in the radiation crosslinking of 
polyethylene is not conclusive and an alternative ionic mechanism has been 
proposed®, In the present paper the possibility of free radical precursors of 
crosslinks and hydrogen has been investigated by use of scavengers. 


EXPERIMENTAL MATERIALS AND METHODS 


The unpurified rubber was a commercial sample of pale crépe containing 
30 per cent gel and 2.3 per cent of acetone-soluble nonrubber constituents. 
Similar samples of pale crépe were masticated in air to give soluble rubbers of 
varying molecular weights. These were continuously extracted with acetone 
at about 50° C in the dark and under nitrogen for 24 hours and then dried and 
stored in vacuo (A and B). Rubber C was a similarly treated deproteinized 
rubber supplied by the United States Rubber Company. Osmotic molecular 
weights and elemental analyses were kindly undertaken under the supervision, 
respectively, of Miss M. A. Place and Dr. W. T. Chambers. 


* Reprinted from Polymer 1, pages 27-42 (1960). 
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Osmotic molecular weight Oxygen 
M (%) 


Rubber A 
Rubber B 
Rubber C 


Chemicals were of analytical or laboratory reagent grade and 1,1-diphenyl- 
2-picryl hydrazyl (D.P.P.H.) was kindly supplied by Dr. W. F. Watson. The 
polyisoprene squalene 


CH3;-C(CHs3): CH: CHe- [CH2-C(CH3): CH- CH2- CH: C(CH;)-CHs 


was purified by a method recommended by Dr. P. W. Allen® from a commercial 
sample and had a carbon-hydrogen ratio corresponding closely to the above 
formula. 

Preparation of samples.—The weighed rubber was packed into glass break- 
seal tubes (diameter 0.8 cm: wall thickness 0.1 cm) and silica tubes (diameter 
0.4 cm: wall thickness 0.5 mm). Solids were added to benzene solutions of 
rubber which were then ‘freeze dried’, and liquids were added directly with a 
micrometer syringe. The rubber and any liquids were thoroughly degassed 
and the tubes sealed at <10-* mm Hg pressure. 

Irradiation of samples—At Wantage Radiation Laboratory the tubes were 
exposed to the electron beam from a 4 MeV linear accelerator. Throughout 
the exposure the tubes were cooled with a blast of cold air and the temperature 
of the rubber, as measured occasionally with an injection pyrometer immedi- 
ately after irradiation, was never more than 50° C. Tubes immersed in a 
stream of liquid nitrogen were usually cracked or shattered by explosions when 
irradiated. This was avoided by using the silica tubes which were located 
during irradiation in a close-fitting, thin-walled polyethylene tube through 
which flowed liquid nitrogen. Comparative samples were obtained under 
similar conditions but with either water or air cooling. These experiments 
were undertaken with the co-operation of Mr. J. McCann and Mr. F. Hazell 
of the Technological Irradiation Group. 

Dosimetry measurements were made by Mr. J. McCann with a water 
calorimeter and checked at low doses’ by simultaneous exposure of reaction 
tubes containing cyclohexane*® (G(H2) = 5.3). In other cases the derived 
value for rubber of G(Hz) = 0.64 was used. 

A few samples were irradiated in a Co source with an ambient temperature 
of about 30° C under the supervision of Mr. P. Ridout (T.1.G.). 

Measurement of gaseous products.—The samples were examined two or more 
days after irradiation. The gaseous products, volatile in various temperature 
ranges, were compressed into a known volume with a Tépler pump and the 
pressure observed on a silicone oil manometer. A technique of this kind has 
been described by Moore and Watson’. 

Estimation of crosslinks.—Equilibrium swelling values were determined at 
25° C in n-decane as described by Moore and Watson. Values were obtained 
only for samples containing more than 90 per cent gel and no correction was 
made for the relatively small number of crosslinks in the sol fraction. Values 
for the elastic network parameter C, were obtained from the swelling data by 
the use of calibration curves which had been determined by Mullins” for rubber 
networks prepared via thermal decomposition of di-tert-butyl peroxide. (C,” 
was calculated from Mullins’s empirical relationship (1) 


Cy? = + 6.2Mc" X 10” dyn (1) 
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and the moles of physical crosslinks per gram of rubber calculated from the 
expression 
= $RTM-"(phys.) 


as $M>"(phys.) = 4.39 X 10-"C,”. 

Corresponding estimates of chemical crosslinks, }C;~'(chem.), were obtained 
from calibration curves of M,—'(phys.) with M.-'(chem.) which had also been 
formulated from data for the peroxide system". 

In order to take account of chain fracture the correction (1) must be applied 
not with the initial molecular weight of the rubber, Mo, but instead with the 
actual value for the crosslinked molecules in the network, M. This can be 
derived from Equation (2) in which 8 is the ratio of fractures te chemical 
crosslinks. 


Mo8)—! (2) 


An average value” for 8 of 0.14 was used with the above uncorrected 
value of 4M,;-'(chem.) to calculate an approximate value of M. This was 
used in equation (1) to calculate a further value of 4M-(phys.) and thence 
3M-(chem.). The latter value was used again in Equation (2) and the 
process repeated to give successively closer approximations to the true values 
which do take account of fracture. 

The unsaturation of squalene.—This was estimated in carbon tetrachloride 
with iodine monochloride (reaction time 1 hour) and also in benzene with 
perbenzoic acid (reaction time 4} hours)". 


EXPERIMENTAL RESULTS AND DISCUSSION 


Gaseous yields.—Al|most all the gas which had separated from purified rubber 
at room temperature was volatile in the range —196 to —183° C and mass 
spectrometric analysis (kindly undertaken by Professor J. C. Robb of Birming- 
ham University) showed it to comprise mostly hydrogen (Tables 1 and 2). 
The accurately linear relationship between the yield of gas volatile in the range 
—196 to —183° C, subsequently referred to simply as hydrogen, and the 
radiation dose is shown in Figure 1. The calculated value of G(H:2) for rubber 
is 0.64. 

The formation of hydrogen together with a small amount of methane is 
the expected consequence of bond fracture in a polyisoprene. Additionally, 


TABLE I 
GASEOUS FRACTIONS FROM IRRADIATED RUBBER 


Nominal] di ti range 105 ield of 
Rubber C — 196 to — 183°C 3.50 
50 Mrad — 78°C 
about 15° C 


Same sample after 40 h at 70° C 196 to — al C 
— 78° 
about 15° C 
Unpurified rubber — 196 to — 183°C 
— 78°C 
about 15° C 
Same sample after 40 h at 70° C 196 to — 183°C 


78° 


about 15° C 
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TABLE 2 
ANALYsIS OF GASEOUS YIELD IN Mass SPECTROMETER 
Nominal dose Gas at N.T.P. Hydrogen Methane 
(Mrad) (cm!) (%) (%) 
150 1.8 99 1 
200 2.1 99.7 0.3 


Before irradiation the degassed rubber C was heated 50 h at 100° C in vacuo. 


as there are about three random fractures of the main chain of carbon atoms 
per twenty crosslinks, there is also the likelihood that hydrocarbon fragments 
are present in the rubber. As these may not have escaped from the bulk of 
rubber the tubes were heated for 40 hours at 70° C in vacuo. Under these 
conditions a volatile fraction was detected and also a very small amount of an 
involatile oily liquid was observed to separate from the rubber. No quantita- 
tive significance could be attached to these results because a similar, although 
smaller, effect was observed with unirradiated controls from which the volatile 
fraction formed by heating in vacuo was never satisfactorily removed. 

The gaseous products formed by the radiolysis of rubber apparently differ 
significantly from those resulting from its photolysis. In the latter case Bate- 
man" has reported that only about 80 per cent of the gas volatile at room tem- 
perature is hydrogen and that the remainder comprises low molecular weight 
hydrocarbons. A similar difference in gaseous products has already been 
mentioned by Weiss'® for polyethylenes. 

As mentioned previously, Charlesby had a sample of the gas formed by 
exposure of unpurified rubber to radiation from an atomic pile examined in a 
mass spectrometer and found that it consisted almost entirely of hydrogen 


with only a small amount of methane and higher molecular weight products. 
Consistent results were obtained in the present experiments except that an 
appreciable fraction distilled at —78° C (Table 1). This fraction is presumably 
due largely to nonrubber constituents and is detected with careful outgassing. 

Estimated yields of crosslinks —The broken line in Figure 2 shows estimated 
yields of physical crosslinks when a correction is made only for the initial 
molecular weight of the rubber. The upper limit of the crosslinking range 


@ Rubber A- 0:86 M rad/min AA 
© Rubber 8- 2:85 x 10° rad/min(Co) 

+ @ Rubber C- 2-2 M rad/min 


Moles of hydrogen x104/g rubber 


1 


100 150 
Radiation dose rad x 


Fic. 1.—Yield of hydrogen. 
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corresponds to the region beyond which extension stress-strain measurements 
cannot satisfactorily be made and, therefore, for which no calibration with 
swelling measurements has been provided. The range may be extended by 
use of the Flory-Huggins equation but if a u value is chosen to fit the middle 
values” then, as noted in other work’, divergingly higher estimates are obtained 
for higher degrees of crosslinking. Charlesby used a Flory-Huggins equation 
in his work on radiation crosslinking and concluded that the degree of cross- 
linking was proportional to the dose over an enormous range of values provided 


2°0 x 


o 


Mrad/min Physical Chemical 
crosslinks crosslinks 


(=*) 


Moles of crosslinks x 10‘/g rubber 


° 
4 
a 
1 
2 
3 
4 
5 


6 


*Yeiids calculated" from Flory-Huggins eqn 
from same data as o 


100 150 
Radiation dose 


Fic, 2.—-Estimated yields of crosslinks. (8 = 0.14). Broken lines give estimates 
of crosslinks when no correction is applied for chain fracture. 


the rubber was assumed to include some crosslinks prior to exposure. In fact, 
even with a completely soluble rubber a curve of the characteristic shape shown 
in Figure 2 is observed when physical crosslinks are plotted against some linear 
measure of chemical crosslinking such as the radiation dose, and Flory'® has 
pointed out that this is probably due to a contribution to the elasticity from 
entanglements. This view has been developed quantitatively by Mullins” and 
by Moore and Watson’ and their work allows a separation of physical crosslinks 
into chemical, in\'this case carbon-carbon, crosslinks and entanglements. 
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Hydrogen Crosslinks 
Rubber A (14-4M rad/min) 
Liquid nitrogen 
Water cooling 
Rubber 8 (3 M rad/min) 
Liquid nitrogen 
Air blast cooling 


Moles of hydrogen and physical crosslinks x10‘/g rubber 


L 


50 100 
Radiation dose rad x10° 


Fic. 3.—Yields of hydrogen and physical crosslinks on irradiation 
at low temperatures. (No 6 correction.) 


Corresponding estimates of chemical crosslinks are shown by the straight 
broken line. 

The estimate of chemical crosslinks by Moore and Watson is based on 
evidence that tert-butoxy and, to a lesser extent, methyl radicals formed by 
thermal decomposition of di-tert-butyl peroxide react with rubber solely by 
abstracting a-methylenic hydrogen atoms. They then adduced evidence from 
related studies with low molecular weight olefins that the sole fate of these 
allylic radicals would be to combine and so crosslink the rubber. Therefore, 
the number of moles of chemical crosslinks per gram of rubber was determined 
by analysis as 4 (moles of tert-butanol plus methane formed per gram of rubber). 
Further data concerning the validity of the above estimate are currently being 
sought in these laboratories, but in view of the reasonable relationship found’ 
between physical and chemical estimates it is satisfactory to proceed with 
studies of the present kind in the expectation that, in toto, only minor revision 
will be required later. 

A method has already been described above by which an allowance can 
be made for chain fracture when estimating the yield of crosslinks. The value 
of 0.14 for 8 was obtained as the average of the values 0.11 and 0.18 which 
were calculated previously from experimental data! and which are believed to 
bracket the true value. This value for 8 was used in Equation (2) to estimate 
the actual molecular weight of the crosslinked molecules and thence to take 
into account the influence on the swelling data of network chains terminated 
by only one crosslink. It should be noticed that the empirical correction used 
(Equation 1) was determined by Mullins for up to about two fractures per 
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TABLE 3 
EstiMATED YIELDS OF CROSSLINKS ON ExposurE TO Co® y-RADIATION 
Rubber A Rubber B 
Dose (Mrad) “28.3 394° 145 26.2 36.6 


Nop 4M.“ (phys.) 0.75 0.93 0.40 0.59 0.75 
correction 4M,—!(chem.) 0.40 0.56 0.14 0.27 0.40 


Corrected 4M.-(phys.) 0.97 1.23 0.47 0.74 0.77 
for 8 = 0.14 }M.-'(chem.) 0.60 0.83 0.18 0.40 0.61 


GEX (chem.) ] 2.0 2.0 1.2 1.5 1.6 


molecule, caused by shearing the rubber prior to crosslinking. The present 
data are concerned with up to about five fractures per molecule but there is 
some justification for the extrapolation in so far as Mullins’s correction” corre- 
sponds to a fraction of elastically ineffective network chains of 2.6 M.My 
‘which is close to Flory’s proposed value of 2. M.M,'. The effect of correcting 
for fracture is to raise G[X(chem.) ] from the previously reported” value of 0.75 
to 1.3. These are in good agreement with corresponding values of 0.8 and 1.05 
determined by a different method'®. The lower estimate of 1.05 may partly be 
attributed, in the present terms, to its implicit inclusion of a lower 8 value 
of 0.11. 

Within experimental error the amount of crosslinking on exposure to the 
electron beam is independent of the dose rate in the range investigated of from 
0.7 to 14 Mrad/min. However, assuming the same 8 value, a rather higher 
G[X(chem.)] value of average 1.6 was obtained on y-irradiation at about 
3 X 10-* Mrad/min. Only a limited number of estimates were made and these 
confined to the less reliable lower degree of crosslinking range on account of 
the impracticability of using the source for exceedingly long exposures (see 
Table 3). If the higher value is significant it may be indicative of a dose rate 
dependence and so differ from results generally reported for polyethylene. 
However, further experimental work would be required to establish this 
possibility. 

Yields of hydrogen and crosslinks at low temperatures.—On irradiation in 
liquid nitrogen the rubber darkened but rapidly regained its former trans- 
parency on warming. This may be due to trapped radicals which persist in 
highly viscous polymers for a considerable time even at room temperature*: '*. 

The results shown in Figure 3 indicate that the yield of hydrogen is not 
affected significantly by lowering the temperature of irradiation to approxi- 
mately —196° C while the swelling data show that either the yield of crosslinks 
is markedly reduced or, alternatively, that there is considerably more chain 
fracture. Variations in the swelling results may be due to lack of careful 
control of the warming up period. 

Black” has reported appreciably lower G(X) values for polyethylene when 
irradiated at low temperatures, and similar observations have been made by 
Charlesby and Davison” who additionally observed that the yield of hydrogen 
remained constant. Contrary to these findings Lawton, Balwit and Powell* 
have reported a decreased yield of hydrogen at low temperatures and a similar 
trend in crosslinking provided the polymer was subsequently warmed to allow 
radicals trapped in the crystalline regions to react. 

Effect of additives on yields of hydrogen and crosslinks.—It is known that 
crosslink formation in rubber exposed to radiation from an atomic pile is 
markedly reduced by scavengers which intercept hydrocarbon radicals”. 
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TABLE 4 


Errect oF ADDITIVES ON YIELDS OF HYDROGEN AND PuHysIcaL 
Crossutinks (No 8 CorRECTION) 


10‘ X Product Fractional decrease 
(mole/g rubber) in yield 


Additive x x 


1. 10~ mole/g rubber 
Hydroquinone 
Diphenylamine 
No additive 
Benzoquinone 
No additive 
m-Dinitrobenzene 
Dipheny] disulphide 
Hexachloroethane 

2. 3 X 10~ mole/g rubber 
tert-Butyl mercaptan 
No additive 


Nominal doses: series 1: 55 Mrad, series 2: 51 Mrad. 


on 


ON 
S 
to 
or 


| 
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Such radicals would be formed as a result of homolytic fracture of carbon- 
hydrogen bonds (i) and by reactions (ii) and (iii), in which RH represents 
rubber hydrocarbon. 


RH — R-+H:- (i) 
H:+RH — R-+H, (ii) abstraction 
H-+RH — RH, (iii) addition 


Data consistent with these reactions are shown in Table 4 concerning the effect 
of various scavengers on the yield of hydrogen. Reduced yields may be at- 
tributed to a reaction such as (iv) and increased yields, with additives con- 
taining carbon-hydrogen bonds of low energy, to one such as (v). 


H:+CCl, —> HCl+-CCl, (iv) 


H+OH— H —> H,+0—< >—OH (v) 


However it should be noticed that because the isoprene unit is itself very 
reactive towards hydrogen atoms significant changes in the yield of hydrogen 
can only be detected when much larger concentrations of scavenger are present 
than would normally be tolerated in studies of this kind. In these circum- 
stances there may also be energy transfer effects which might either decrease 
the yield of hydrogen through protection of the rubber or else increase the yield 
by sensitized decomposition of an additive containing weak carbon-hydrogen 
bonds. This latter possibility may be important in accounting for the large 
yields of hydrogen formed in the presence of tert-butyl mercaptan (Figure 4b). 

Figure 4(a) illustrates the two most general effects of additives on the yields 
of hydrogen and crosslinks. Benzene, chosen as an example of an additive 
which does not react readily with allylic radicals, reduces the yield of hydrogen 
with a parallel reduction in the yield of crosslinks. Its effect may stem either 
from the scavenging of hydrogen atoms or by excitation transfer from the 
rubber to benzene, which is the explanation favored by Manion and Burton” 
in accounting for the related effect of the reduced yield of hydrogen from cyclo- 
hexene when irradiated in the presence of benzene. In either case, the result 
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Hydrogen Crosslinks 
Benzene o 


Nitrobenzene e ° 
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50 100 
Moles of additive x 10% rubber 
(a) 


Moles of physical crosslinks and hydrogen x10% rubber 


45%7 
combined chlorine 
Hydrogen Crosslinks 
Carbon tetrachloride ¢« e ° 
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Carbon tetrabromide e 


10 


035% combined 
sulphur 


30% combined 
bromine 
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200 300 
Moles of additive x 105/g rubber 
(b) 


Fia. 4.—Effect of additives on yields of hydrogen and physical crosslinks (no 8 correction). Rubber C was 
used—each series a simultaneous exposure—with a dose rate of about 0.9 Mrad/min. 
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TAaBLe 5 
CHANGES IN THE UNSATURATION OF SQUALENE ON IRRADIATION 
Dose (Mrad) 0 40 80 128 170 213 


Unsaturation (%) 9 91.2 91.0 889 87.4 87.1 
C = C reacted X 10‘ (mole/g) 5.8 5.9 12. 


may be taken as qualitatively indicative of the low crosslinking potential of the 
hydrogen atom. Nitrobenzene, which does react readily with allylic radicals, 
produces the expected marked decrease in the yield of crosslinks. At low 
concentrations nitrobenzene, like 1,5-dinitronaphthalene”', is so efficient that 
apparently more than one crosslink is stopped for each molecule present. 
However, a more quantitative treatment of this efficiency in terms of chemical 
crosslinks must be deferred until data are available on the possible influence of 
additives on the extent of chain fracture. At higher concentrations the 
efficiency is much too low to be accounted for in terms of competition with a 
crosslinking reaction due to combination of randomly formed allylic radicals. 

Figure 4(b) illustrates some of the complications which may obscure con- 
clusions based on the effect of additives on yields of hydrogen and crosslinks. 
It is, perhaps, significant that the three additives shown are of the type which 
undergo radical addition reactions, sometimes involving chains, with double 
bonds”, 

Changes in the unsaturation of squalene on irradiation.—Davidson and Geib** 
described their early attempts to follow any change of unsaturation of rubber, 
with iodine monochloride, after very short exposures to pile radiation as not 
very illuminating but as indicating a decrease in unsaturation. According to 
more extensive recent work”> unsaturated elastomers undergo marked changes 
and, in particular, natural rubber was reported to have lost 50 per cent of its 
initial unsaturation after a dose of 240 Mr. As no such marked change had 
been evident in infrared studies** further chemical data were sought. It is 
considered that such data cannot be satisfactorily obtained with networks and 
therefore experiments were undertaken with the hexaisoprene squalene. Little 
change in unsaturation could be detected using iodine monochloride but the 
figures obtained were considered unreliable because of substitution. More 
reliable estimates were obtained with perbenzoic acid and these show that there 
is a definite but relatively small consumption of double bonds (Table 5). The 
marked change reported by other workers may be due to failure of the reagent, 
iodine monobromide, to diffuse quantitatively throughout the crosslinked 
networks, 

MECHANISM OF HYDROGEN FORMATION 


It has been pointed out previously that a possible reaction in which hydrogen 
is formed from adjacent carbon atoms in the same molecule of rubber hydro- 
carbon would most likely occur with formation of conjugated triene unsatura- 
tion and it has been shown experimentally that such a reaction is of negligible 
importance”, 

The effect of additives on the yield of hydrogen provides evidence for 
hydrogen atom precursors but only for a part of the total yield. Thus, Figure 
4(b) shows that both carbon tetrabromide and carbon tetrachloride reduce the 
yield markedly at relatively low concentrations but then have a much dimin- 
ished effect. While the data are not suitable for quantitative analysis by 
competition kinetics, they do indicate qualitatively that a part of the hydrogen 
is scavenged relatively easily. The fraction of the hydrogen which escapes the 
scavenger is much more clearly defined in saturated hydrocarbons. For ex- 
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ample, according to Dewhurst”’, in the radiolysis of n-hexane 30 per cent of the 
hydrogen stems from a reaction yielding double bonds, 40 per cent can be 
repressed by scavengers of hydrogen atoms, and the remaining 30 per cent is 
ascribed to the ‘molecular’ reaction (vi). 


2CeHi4 ——— Hz + (vi) 


A reaction analogous to (vi) in rubber would result in the formation of one 
molecule of hydrogen per chemical crosslink and its occurrence would help to 
explain two difficulties which appear if reference is made simply to reactions 
(i)—(iii). Firstly, it would help to account for the small or negligible change 
in the yield of hydrogen at very low temperatures (Figure 3) which otherwise 
could only be explained by supposing that the activation energies for the 
abstraction and addition reactions are equal. This seems to be unlikely, al- 
though the question has not been definitely resolved (see, for example, Ref. 28). 
Secondly, on the basis of reactions (i)—(iii) followed by crosslink formation 
by radical combination, the experimental ratio of about two chemical crosslinks 
per molecule of hydrogen requires that reactions (ii) and (iii) should occur to 
equal extents. Generally, however, the view is held that addition of hydrogen 
atoms to double bonds is much more frequent than abstraction of a-methylenic 
hydrogen atoms. For example, Melville and Robb” assume that this is the 
fate of all hydrogen atoms removed by collision with a range of olefins. How- 
ever, further data would be desirable on this point since Darwent and Roberts”* 
have reported that in the case of propylene the ratio of addition to abstraction 
is 4 to 5, and the latter reaction would be more favored in the isoprene unit 
which contains four more a-methylenic carbon-hydrogen bonds of lower energy. 
A further point which could be explained by reference to a ‘molecular’ reaction 
would be the failure of large concentrations of scavenger to stop all the cross- 
links, but in this case a radical combination reaction is involved and so an 
alternative explanation would be provided by the formation of dense clusters 
of radicals in spurs. 

The ‘molecular’ reactions of radiation chemistry are variously ascribed to 
the formation of radical clusters in spurs, to ions, and to ‘hot’ radicals. In the 
case of polyethylenes the reactions of both ions and ‘hot’ radicals have been 
invoked to account for crosslink formation in a partly crystalline medium in 
which the diffusion of polymer radicals would be severely restricted. The 
diffusion control of crosslink formation in rubber, which is a highly viscous 
liquid, would be far less critical but, nevertheless, there are the above experi- 
mental facts which are most satisfactorily explained by reference to a ‘molec- 
ular’ reaction. More explicitly, as suggested by Pravednikov, Yin-Shen-Kan 
and Medvedev for polyethylenes, the absorption of high energy radiation by 
rubber would result in the formation of both ‘thermal’ and ‘hot’ hydrogen 
atoms. The ‘thermal’ hydrogen atoms would probably add preferentially to 
double bonds and the ‘molecular’ reaction would be a consequence of the 
preferential reaction of ‘hot’ atoms, after a relatively limited number of colli- 
sions, with the more abundant carbon-hydrogen bonds. 


MECHANISM OF CROSSLINKING 


Irradiation of rubber hydrocarbon results in the formation of mostly allylic 
and some alkyl radicals. Following Moore and Watson’, these radicals, 
designated R-, are believed to combine to form crosslinks by reaction (vii). 


(vii) 
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Saturation of h 
Sande Chemical crosslinks 


in squalene 


beg 


Hydrogen 


Moles x 10°/g rubber 


Radiation dose in rad x 10° 


Fic. 5.—Yields of products on irradiation of polyisoprenes. The broken lines 
are only approximate representations. 


If two allylic radicals disproportionate a conjugated diene group would be 
formed but such a reaction has already been shown to be of only secondary 
importance”, as may also be judged from Figure 5. A further reaction which 
appears possible is crosslink formation by radical addition to double bonds, as 
indicated in reaction (viii), but such a reaction has been rejected by Moore 
and Watson on the grounds that corresponding reaction products are not 
formed in radical reactions in related low molecular weight olefins. 


R- + RH —— R2H- (viii) 


Presumably, addition crosslinking would only assume importance under con- 
ditions where isolated radicals are formed and where an alternative fate to 
combination with a second radical is favored. This possibility might account 
for the higher degree of crosslinking at lower dose rates (Table 3) and also for 
the observation by Roberts and Mandelkern™ that, on irradiation, crystalline 
rubber crosslinks more readily than amorphous rubber. 

A further possibility is that crosslinks may be formed as a result of chain 
fracture. Such a reaction is also judged to be of no more than secondary 
importance by reference to Figure 5 and, in particular, to the results of stress- 
relaxation studies which presumably would detect fracture even if followed by 
recombination into the network with formation of trifunctional crosslinks®. 

The results obtained following irradiation at low temperatures (Figure 3) 
are not explicable simply by reference to reactions (i)—(iii) and (vii) and are 
the subject of further investigation. 
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SYNOPSIS 


Purified natural rubber was irradiated in vacuo with a 4 MeV electron beam 
at dose rates of the order 10°10’ rad/min. The gas evolved comprised almost 
entirely hydrogen. The yield of carbon-carbon crosslinks was estimated from 
swelling data with corrections for the influence of the initial molecular weight 
of the rubber, chain fracture, and entanglements, as G(X) = 1.3. When 
irradiated at —196° C the rubber assumed an intense color which rapidly 
disappeared when it was allowed to warm up. Under these conditions G(He) 
was little changed but the yield of crosslinks was apparently markedly reduced. 
The value of G(H2) was not affected by irradiation at room temperature at 
relatively low dose rates (10° rad/min:Co™) but there was a limited amount 
of data indicating a higher G(X) value of about 1.6. The yield of hydrogen 
could be markedly reduced with large amounts of an additive such as carbon 
tetrachloride. However, increased yields were obtained with additives which 
contained a weak carbon-hydrogen bond, e.g. hydroquinone. These effects 
have been discussed in terms of competition by the additive for hydrogen atoms 
which otherwise undergo metathetical and addition reactions with isoprene 
units. The reduction of unsaturation on irradiation of a hexaisoprene, squa- 
lene, was found to be very much smaller than previously reported estimates for 
the polyisoprene rubber. 
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MECHANOCHEMICAL REACTIONS LEADING TO 
REINFORCEMENT. II. NATURAL RUBBER 
AND PHENOLIC RESINS * 


R. J. CERESA 


NatTionaL CoLLeGe oF RusBER TEecHNOLOGy, Lonpon, ENGLAND 


INTRODUCTION 


The reaction of polyfunctional metallic salts and, in particular, aluminum 
alkoxides, with natural and synthetic rubbers when subjected to mechanical 
scission has been reported previously’. The gelation of natural rubber by 
mechanicochemical reactions can be achieved by a variety of chemical reagents. 
However, this communication will be restricted to phenolic resins and their 
intermediates, the phenol alcohols. 

Electron micrographs of unvulcanized natural rubber containing 72 to 
80 per cent of gel, prepared by masticating acetone extracted rubber with 
various phenolic resins under nitrogen for periods of 30 minutes, show no 
indication of particles of resin or resin rich zones. The complete dispersion 
of the resins at concentrations of 1 to 2 per cent on a molecular scale indicates 
that the gelation centers must be molecular, as in the case of aluminum iso- 
propoxide and not particulate as with carbon black gel. Chemical reaction of 
the active chains produced by mechanical scission of the rubber must therefore 
take place with reactive groups attached to the resin molecules. By analogy 
_ with the previous work in this field it would be expected that each resin molecule 
must have an average number of reactive functional groups in excess of two 
if it is to be capable of entering into gelation reactions. To test this hypothesis 
and to obtain data on the reactivity of different functional groups, a series of 
mastications of natural rubber with phenols and phenol alcohols with func- 
tionalities of 1, 2, 3, 4 and 6 were carried out. 

Phenolic resins have an established utility as reinforcing agents for natural 
and synthetic rubbers. Reinforcement by the presence of gel in the absence 
of reinforcing particles has been shown in the case of aluminum isopropoxide 
for peroxide cured vulcanizates. Similar stress-strain investigations have 
therefore been carried out with resin gelled natural rubber. 


EXPERIMENTAL METHODS AND PROCEDURES 


Gelling agents.—The following eight commercially available phenol-form- 
aldehyde resins of varying types were ground in a vibro mill, so as to pass 
through a 120 mesh, prior to use. 


Cellobond H 831, a phenol-formaldehyde resin (British Resin Products, 
Ltd., Sully, Penarth). 
Elo C 460, a cresol-formaldehyde resin (Birkbys, Ltd., Liversedge, York- 
shire). 
* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 36, pages 211-224 
ouc 


ag paper was presented at the Journées Francaises des Plastiques et due Caoute , Paris, in 
ay, . 
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Synphorm P 25/C, a phenol-formaldehyde resin (Blackburn & Oliver, Ltd., 
Pemberton, Wigan). 

CM 57, a phenol-formaldehyde novolac resin (Watts, Ltd., London). 

R 17321, a heat reactive phenolic resin (Bakelite, Ltd., Birmingham). 

CM 295, a xylenol-formaldehyde resin (Watts, Ltd., London). 

AR 39, an ortho-cresol-formaldehyde resin (C. Lowe & Co. (Manchester), 
Ltd., Stockport). 

Bedesol 99, a phenol-formaldehyde resin (Imperial Chemical Industries, 
Ltd., Gloucester House, London). 


The resin intermediates used as model compounds with known functionality 
were prepared according to established syntheses except for phenol, benzyl 
alcohol, resorcinol, catechol, hydroquinone, saligenin, p-hydroxy-benzy| alcohol, 
Bis-phenol A, pyrogallol, hydroxy-quinol, phloroglucinol, trimethylol propane, 
tetramethylol methane, and hexahydroxy-cyclo-hexane which were commercial 
compounds of B.P. grade. In general the phenol alcohols 2,4-dimethylol- 
phenol, 2,6-dimethylol 3-cresol, 2,4,6-trimethylolphenol, 3,3’,5,5’-tetramethylol- 
4,4’-dihydroxy-diphenyl methane and 2,3,5,6-tetramethylol hydroquinone were 
prepared by the reaction of the appropriate phenol with formaldehyde under 
conditions giving high yields of the required compounds?~’. 

Rubber.—Thin sheets of pale crepe with an initial Wallace plasticity of 63 
(Mooney number 27) and having a nitrogen content of 0.1 per cent and an 
oxygen content of 0.7 per cent were used without homogenization by milling 
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so as to retain the high molecular weight (limiting viscosity number in benzene 
(n) = 5.7). Chemical analysis, solution viscosity, and Wallace plasticity 
measurements on samples from different portions of the same batch of pale 
crepe showed variations within the limits of experimental error only. For the 
experiments with “extracted rubber” the pale crepe was Soxhlet-extracted with 
acetone for 24 hours and stored under vacuum until required for use. 

The rubber used in these experiments was from the same batch as used in 
Part I for studying the reactions with aluminum isopropoxide and related 
compounds. 

Methods.—The gelation experiments were carried out in a Baker Perkins 
Uni-Rotor Masticator® fitted with the spiral type of scrolls which were rotated 
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Minutes mastication 


Fic. 2.—1% of each resin masticated with acetone extracted rubber under nitrogen. 1. Cellobond H831 
2. Elo C460. 3. Synphorm P25/C. 4. CM 57. 5.R 17321. 6.CM 295. 7. AR 39. Bedesol 99. 


at 100 rpm. Additional experiments were carried out on a David Bridge 
12 X 6 inch two-speed mixing mill. 

The percentage gel in the masticated sample and the degree of swelling of the 
gel fractions were determined by allowing 0.1 g of the rubber, contained in a 
glass thimble with a coarse sintered base, to reach equilibrium whilst immersed 
in 10 ml of Analar benzene. The thimble, rubber, and benzene were contained 
in 2 X 1 inch glass weighing bottles which were maintained at room tem- 
perature in the dark for 6 days before measurements were carried out. Gel 
contents were obtained by determining the concentration of 2.5-ml aliquots of 
the centrifuged sol fraction. The gel swelling indexes (grams of benzene per 
gram of rubber gel) were calculated from the weight in situ after removing non- 
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Fic. 3.—1% of each resin masticated with acetone extracted rubber under nitrogen. 1. Cellobond H831. 
2. Elo C460. 3. Synphorm P25/C. 4. CM 57. 65. R 17321. 6. CM 295. 7. AR 39. 8. Bedesol 99. 


absorbed benzene from the gel surface and from the glass thimble with filter 
paper. Corrections for the sol fraction in the gels were made. 

Ten gram portions of the rubber together with the appropriate weight of 
additive were masticated for 5 seconds before flushing out the masticator with 
nitrogen. This procedure was adopted to minimize the loss of finely-powdered 
additives during the flushing out process. After the appropriate period of 
mastication with a chamber volume of 10.5 ml, the rubber was removed from 
the chamber and approximately 0.2 g of the rubber was retained for gel content 
measurement. The bulk of the rubber was then returned to the masticator 
and mastication continued for further periods of time, 0.2-g samples being 
removed between mastications. The mastication chamber was cooled by 
immersing in a water bath which was maintained at 12 + 1° C by the addition 
of small quantities of ice. 

Since the experiments with the small masticator indicated a fast reaction 
under conditions of maximum shear, sheets of pale crepe were dusted with the 
powdered resins or intermediates and passed through the tightest nip obtainable 
with full water cooling on the two rolls (12° C) for the milling experiments. 

Results. Variation of Gel Content with Extent of Mastication—The rates of 
gelation of acetone extracted rubber masticated with 1 per cent of each of the 
phenolic resins in an atmosphere of nitrogen were all of the same order, Figure 1. 
Mastications carried out for less than 5 minutes gave low gel contents (less than 
10 per cent) and the gels were highly swollen and easily dispersed. Extra- 
polations of the gel content figures obtained for mastications of 5 minutes and 
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longer were consistent with gelation commencing with the application of 
mechanical shear. With the most reactive resin a maximum gel content of 83 
per cent was achieved after 40 minutes mastication. Longer mastication 
times, within the order of 60 to 150 minutes, were required to obtain maximum 
gelation for the other resins. Gel contents at the maximum varied from 73 to 
85 per cent. Continued mastication resulted in a slight decrease in gel content 
but this was not significant during mastications up to 3 hours. 

An increase in the concentration of resin present during mastication resulted 
in a small but consistent increase in the rate of gelation. Acetone extraction 
of the products after 20 minutes mastication showed increasing quantities of 
acetone extractable resin with increasing initial resin contents, Table 1. 

Gel formation in the presence of free radical acceptors.—In general mastication 
under nitrogen with unextracted natural rubber gave somewhat lower gel 
contents with the same series of resins (Figure 2). Gel contents were reduced 
still further (Figure 3), if the resins were masticated with extracted rubber in 
the presence of atmospheric oxygen. The lowest gel contents were obtained 
when unextracted natural rubber was masticated in air with the same series 


TABLE 1 
GEL CONTENT AND ACETONE EXTRACT AFTER MASTICATION WITH CM57 


Resin, % Minutes mastication Gel, % Gel swelling Acetone extract, % 


0.5 5 — 
10 15 
20 


1.0 5 
10 
20 


2.0 5 
10 
20 


5.0 5 
10 21 
20 18 


of resins, Figure 4. In the presence of 0.5 per cent of thio-2-naphthol gelation 
was inhibited except for the two most reactive resins which gave a lower overall 
gel content which reached a maximum after 40 minutes mastication, Figure 5. 
The order of reactivity of the resins remained more or less the same under 
different mastication conditions. 

Effect of shear rate on the gelation of rubber with resins.—The rate of shear 
was reduced by (a) changing the design of the masticating scrolls; (b) raising 
the temperature of the temperature control bath; (c) reducing the rotor speed ; 
and (d) plasticization of the rubber with solvent, Figure 6. Except when 
examining the effect of shear rate, mastications were carried out under condi- 
tions of maximum obtainable shear rate, i.e. mastication at 12° C with spiral 
scrolls rotating at 100 rpm. 

Gel formation on a two roll mill.—Six thin sheets of unextracted pale crepe 
were plied up with 1 per cent of resin dusted between sheets. Increasing gel 
contents were obtained when the plied sheets were subjected to up to 20 passes 
through a 0.005 inch nip of the two roll mill with roll temperatures of 15° C, 
running at friction speeds. After 20 passes the gel content for Resin 1 de- 
creased, whilst that for Resin 2 continued to increase but to a lower maximum 


— nil 
— nil 
35 nil 
18 — 0.28 
34 32 0.05 
; 56 28 nil 
28 — 0.96 
47 32 0.35 
| 71 27 0.06 
3.72 
3.56 
3.34 
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Fia. 4.—1% of each resin masticated with acetone extracted rubber under nitrogen. 1. Cellobond oy 
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gel content of approximately 8 per cent. 
for the other resins, Figure 7. 
Stress-strain measurements on pregelled vulcanizates—Gum stocks gelled 
with 1 per cent of each of the two most reactive resins were prepared by 
mastication under nitrogen in the Uni-Rotor Masticator and by mastication 


Negligible gel contents were recorded 
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Fia. 5.—Acetone extracted natural rubber masticated with 1% of each of the Resins 1 to 8 
(cf Fig. 1) in the presence of 0.5% of thio-2-naphthol. 
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Per cent gel 


20 30 40 
Minutes mastication 


Fic. 6.—Natural rubber masticated under nitrogen wth 1% of the resin Cellobond H831 with varying 
conditions of shear. 1. Spiral scrolls, 100 rpm, 12°C. 2. Plow scrolls, 100 rpm, 12°C. 3. Plow scrolls, 
my hi ee 50°C. 4. Plow scrolls, 80 rpm, 50°C. 4. Spiral scrolls, 100 rpm, 12° C, plasticized with 30 pph 
of benzene. 


to 20 passes on the two roll mill. Each stock was compounded with dicumy] 
peroxide on a warm mill (90° C) to facilitate dispersion and minimize deg- 
radation of the gel network. Control stocks were given similar mastication, 
milling and compounding ingredients. The tensile data for these two systems 
are compared with the controls in Figures 8 and 9. 
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Fic. 7.—1% of each resin masticated with acetone extracted rubber under nitrogen. 1. Cellobond H831. 
2. Flo C460. 3. Synphorm P25/C. 4. CM 57. 6. R 17321. 6.CM 295. 7. AR 39. 8. Bedesol 99. 
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Gelation with model compounds.—The concentration of model compounds 
to be used as the gelation agents was calculated on the basis of 6 X 10~* mole 
per 10 g of rubber. This was equivalent to 1 mole per 250 isoprene units 
approximately. The functionality, gel content, gel swelling, Wallace plasticity 
of the masticated rubber and limiting viscosity number of the benzene soluble 
fraction for each of the 20 model compounds is recorded in Table 2. Gel 
content, swelling, plasticity and solution viscosity in each case were measured 
after 20 minutes mastication in the laboratory masticator under nitrogen. 


Stress Ibs/in’ 


200 400 600 800 0 200 400 600 
Per cent elongation 


Figs. 8 AND 9.—O 1% of Cellobond H831. @ 1% of Elo oo. @ Control. 


Vulcanization: 3% of dicumyl peroxide, 50 mins at 


DISCUSSION 


The concentration of phenolic resin required to achieve greater than 75 
per cent of gel after 40 minutes mastication is of the order of 1 per cent com- 
pared with 20 per cent for carbon black and 0.005 per cent for aluminum iso- 
propoxide'. The carbon black gel formation has been shown to be a mecha- 
nicochemical reaction between the carbon black particles and the sheared 
rubber chains (polymeric free radicals)*. The small concentration of gelation 
reagent required in the case of the alkoxides and similar compounds is indicative 
of a chemical reaction between the molecules of additive and the reactive chain 
ends. In an attempt to differentiate between a particulate and a chemical 
interaction, electron micrographs of rubbers containing greater than 75 per 
cent of gel prepared by mastication of extracted rubber with 2 per cent of 
Resin CM57, Cellobond H831 and R17321, respectively, were recorded. The 
resins appeared to be completely compatible and no resin particles were 
observed. It was therefore considered that interaction with resins was 
chemical rather than particulate in its mechanism. 

The phenol-formaldehyde resins used as gelling agents contained differing 
average numbers of phenolic and residual methylol groups according to the 


AX 
3000 3000 
| 
| 
L 
2000 
| 
1000 1000 
0 800 
| 
| 
| 
| 
| 
| aS 
| 


RUBBER CHEMISTRY AND TECHNOLOGY 


TABLE 2 


Get CoNTENT AND CHARACTERISTICS FOR Resin INTERMEDIATES 
AND ComMPpouNDsS 
Limiting 
viscosit: 
Function- Percent Gel Wallace number [n] 
Compound ality gel swelling plasticity (g ml’ 


None - nil - 65 498 
nil 62 
65 
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1. 
2. 
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2. nil — 55 445 7 
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7. 2 nil 61 463 
2 nil 59 428 
3 17 c. 40 87 510 
3 19 c. 38 83 495 
3 27 c. 35 91 487 
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TABLE 2 (Continued) 


Limiting 
viscosit 
Function- P Wallace number 
Compound ity swelli plasticity ml’) 
—CH,0H 
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CH:,OH 
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OH CH.OH 
HO-CH CH.OH 
CH,OH OH 


HO OH 
OH 
HO OH 


manner of preparation and manufacture. These differences could be advanced 
as an explanation for variations in rate and extent of gelation, Figure 1. The 
effects of radical acceptor, Figures 2 to 4, were as expected for a mechanico- 
chemical reaction. The presence of radical acceptors, i.e., nonrubber con- 
stituents, added radical acceptors or atmospheric oxygen, provided a com- 
petitive reaction which consumed the reactive free radicals preventing either 
recombination or reaction with reactive groups that were present in the resin. 
The failure of thio-2-naphthol to completely suppress the gelation reaction for 
the two most reactive resins was an anomaly which could not be explained on 
the exclusive basis of a free radical mechanism Figure 5. Similar anomalous 
results were recorded in the case of aluminum isopropoxide'. 

The effect of shear rate, with the characteristic negative temperature 
coefficient, Figures 6 and 7, was indicative of a mechanicochemical reaction. 
The rate of shear determined the rate of gelation and therefore the rate of 
the reaction. Processes which increased the rate of shear (increases in rotor 
speed, changes in scroll design, etc.), increased the rate and extent of gelation. 

If the gelation reaction proceeded by the interaction of ruptured rubber 
chains with reactive groups on the resin molecules then it should be possible 
to control the reactions by the number and type of functional groups in the 
resin. Since resins are complex mixtures of low molecular weight macro- 
molecules this postulate was put to the test with model compounds containing 
phenolic and methylol groups. Typical phenol-formaldehyde resin inter- 
mediates were also included among the model compounds where such could be 
isolated. 
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In Table 2 it can be seen that a functionality of three is required before 
gelation occurs. This is in accordance with the formation of an insoluble 
three-dimensional network. When the rubber was masticated under nitrogen 
in the absence of additives there was little change in the Wallace Plasticity 
and only a small drop in the limiting viscosity number (from 570 to 498). 
With monofunctional reagents a lowering of both plasticity and solution 
viscosity was observed. Difunctional additives would be expected to act as 
linkages between the ruptured chains and this is consistent with both the 
Wallace Plasticities and the solution viscosities observed. 

When the functionality is three or more gelation occurs and there is a 
consequent rise in the plasticity. The limiting numbers of the sol fractions 
rise at first and then fall off at about 75 per cent of gelation. This increase in 
solution viscosity can be explained by the chain lengthening of the multi- 
functional additives prior to gelation, and the fall off at high gel contents can be 
attributed to the incorporation of the majority of the larger rubber molecules 
into the gel network. The molecular weight of the residual sol rubber is less 
than that of the limiting chain length for mechanical scission. One hundred 
per cent gelation is not therefore to be expected from a mechanicochemical 
reaction. 

The physical properties of the peroxide vulcanizates prepared from the 
gelled rubbers indicate a measure of reinforcement. No claim is made for 
having achieved the optimum curing conditions for the systems, or that 
conventional sulfur vulecanizates are similarly reinforced. A full evaluation is 
in progress”; initial results indicate that gelled rubbers, natural and synthetic, 
prepared in this way can be added to gum stocks to improve processing be- 
havior during extrusion, calendering, etc. 

Since the resins used in these experiments and the methylol derivatives 
employed as model compounds are known to form three dimensional networks 
on heating, benzene solutions of the ‘‘oil soluble” resins were refluxed with 
acetone extracted rubber under nitrogen. The solutions contained 3 per cent 
of rubber and 5 parts resin per 100 of rubber. No gelation occurred during 
24 hours of refluxing but in most cases an insoluble residue was formed equal 
to or less than the weight of resin present. 

The evidence presented whilst supporting an overall mechanochemical 
reaction does not allow an analysis of the individual steps of the mechanism 
to be made. Consideration of the retardation and inhibition reactions which 
occur during free radical vinyl polymerizations in the presence of phenolic, 
quinonoid and hydroquinonoid compounds suggests a number of possible 
reactions which could lead to peptization, chain coupling or gelation according 
to the functionality of the resin or model compound. Although less likely in 
the systems considered, the possibility of polar mechanisms must not be 
dismissed'. Further experimental work is in progress with a view to elucidating 
the reaction mechanisms and the nature of the crosslinks in the gelation 
networks. 


SUMMARY 


The reaction of polyfunctional metallic salts with natural rubber during 
mastication has been extended to gelation by phenolic resins. High gel con- 
tents are achieved by mastication with 1 to 2 per cent of resin in the absence 
of oxygen. By using polyphenols and phenol alcohols it has been shown that 
an average of at least three functional groups, —OH or —CH,OH, per molecule 


j 
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are required to achieve gelation. The presence of the gel network in the un- 
vulcanized rubber gives an improvement in processing characteristics. 
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GRAFT POLYMERS FROM PVC AND RUBBER * 


A. A. Beruin, A. G. Kronman, D. M. Yanovskti 
AND V. A. KARGIN 


Recently a large number of investigations into the production of graft and 
block polymers have been published. Considerable scientific and practical 
interest attaches to such polymers derived from synthetic and natural rub- 
bers'*. There have been no communications in the literature on the produc- 
tion of graft polymers of vinyl chloride with various rubbers. Moreover, in 
certain work? it is indicated that attempts to produce a graft block polymer of 
this nature by mechanochemical means, and also to graft vinyl chloride to 
rubber latexes, did not give satisfactory results. 

We studied the possibility of producing graft copolymers of vinyl chloride 
with rubbers by a chain transfer reaction in the polymerization of vinyl chloride 
in coarse dispersions of rubber or in a solution of rubber in a monomer, and 
also under conditions of mastication of the polymers at high temperature. It 
was here supposed that the combination of PVC with small amounts of an 
elastomer having a low glass temperature was found to lower the brittle point 
temperature of the PVC and to raise its impact strength. 

The selection, as one line of investigation, of the polymerization of vinyl 
chloride in coarse dispersions of rubber or in a solution of rubber in the monomer 
was determined by the fact that here (in contrast with grafting in latexes) we 
eliminate the presence of large amounts of emulsifier in the polymerization 
system, which of course reduces the yield of graft polymer. The grafting 
process was carried out both in the presence of emulsifiers (photo gelatin, 
sulfanol, polyvinyl alcohol) and without addition of emulsifying agents; in 
the former case a considerable portion of the rubber remained unreacted. 

The rubber polymers (SKN-26 butadiene-nitrile, SKB butadiene, SKI 
isoprene, and natural rubbers), in the presence of which the polymerization of 
the vinyl! chloride was effected, previously underwent careful freeing from anti- 
agers and antioxidants by extraction with the appropriate solvents, and also 
reprecipitation, since the stabilizing additives act as inhibitors of radical 
polymerization. The polymerization of vinyl chloride in the presence of the 
rubbers was carried out in a 4-liter autoclave of special steel, fitted with a 
measurer and stirrer. Ammonium persulfate was used as the initiator. 

The polymerization of vinyl chloride in the presence of rubber was carried 
out by two methods. The first consisted of prior swelling or dissolving of 
carefully purified rubber in the vinyl chloride at 40 to 70°, after which there is 
added to the autoclave a solution of initiator and the process of polymerization 
carried out. 

In the second method there was added to the rubber, freed from the stabi- 
lizers, powdered ammonium persulfate, on the mill at room temperature, then 
the rubber along with water and the viny! chloride was charged into the auto- 
clave; the polymerization was carried out at 60 to 70°. Milling of the rubber 


* Translated by R. J. Moseley from Vysokomolekularnye Soedineniya 2, 1188-92 (1960); a RAPRA 
translation. 
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TABLE 1 


INFLUENCE OF THE TYPE OF RUBBER UPON THE MAIN STRENGTH 
CHARACTERISTICS OF THE COMPOSITIONS 


Initial amount Impact Tensile 

of rubber, in strength, strength, 

Designation of rubber % of monomer kgem/sqem* kg/sqem 
PVC without rubber 8.6 
SKN-26 8 
SKB 
Natural rubber 9 
SKI 8 


* The impact strength was determined on i of Viniplast of thickness 4 mm with a notch along 
the radius to a depth of 1 mm. 


at low temperature was carried out with the aim of improving its solubility 
in vinyl chloride, which favors the process of grafting. It is well-known that in 
the process of cold milling there takes place a degradation of the polymer 
which is intensified on the addition of an initiator. Thus, for instance, in our 
experiments the relative viscosity of a 0.5% solution of natural rubber in 
cyclohexanone prior to milling was 1.5; after milling without initiator it was 
1.461, while after milling with the addition of ammonium persulfate it was 
1.175. After milling with ammonium persulfate the solubility of the rubber in 
vinyl chloride is significantly better. Thus in the polymerization of vinyl 
chloride in the presence of unmilled natural rubber and SKI, which only swell 
in the monomer, there is formed a nonuniform product, containing inclusions 
of unreacted rubber. When rubbers of these classes are used after milling 
with initiator there is formed a quite uniform product as a result of poly- 
merization. 

In the polymerization of vinyl chloride by the first and second methods in 
the presence of rubbers soluble in it (SKN-26 and SKB) there are formed 
uniform products of reaction. ‘Viniplasts’ produced on this basis have prac- 
tically identical physicomechanical characteristics (specific impact strength, 
tensile strength, relative elongation). 

Therefore in further work, with a view to establishing the most favorable 
conditions for grafting of vinyl chloride to rubbers, we carried out a prior cold 
mastication of the rubbers in the presence of ammonium persulfate, 

The graft polymerization experiments were carried out with the amount of 
rubber in the original mixture 5% of the weight of the monomer. Before the 
addition of the vinyl chloride the autoclave was evacuated. On termination 
of the polymerization phenyl-2-naphthylamine is introduced into the autoclave. 

For the production of Viniplast there were added to the products of reaction 
of vinyl chloride and rubber calcium stearate, litharge, phenyl-2-naphthylamine 
and transformer oil. The resulting compositions were milled for 10 to 15 
minutes at 155 to 170°, and then subjected to molding for 25 to 40 minutes 
at a temperature 5 to 7° in excess of the milling temperature. 

In Table 1 we show the mechanical properties of Viniplast produced on the 
basis of PVC modified by SKN-26, natural rubber, SKB and SKI. The glass 
temperature of the modified products is determined by the glass temperature 
of PVC (Figure 1). 

None of the attempts to separate even one of the final reaction products 
by means of extraction with various solvents or with a mixture of the solvents 
gave positive results. The separation of the graft copolymer from the mixture 
produced in the interaction of vinyl chloride with rubbers and containing as 
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—Dependence of deformation upon temperature for PVC-modified by rubbers. 1—PVC 
of SKN-26; 3—PVC +5.5% SKB; 4—PVC +5.5% SKI; 5—PVC +5.5% 
rubber. 


well as the reaction products the homopolymer PVC and unreacted rubber 
presents great difficulty in cases where the PVC and rubbers (natural rubber, 
SKB, SKI) have different solubility, not to speak of the separation of a mixture 
with components of like solubility (PVC and SKN-26). The position is 
further aggravated by the fact that as a result of the graft copolymerization 
effected by the chain transfer reaction there are formed along with the graft 
polymers PVC with a wide range of molecular weights, low-molecular de- 
structurized rubber and also spatial structures. 

The causes governing the formation of low-molecular PVC are the high 
temperature of the process (70°), the increased amount of initiator (1% of the 
monomer), and also the action of the rubber as a chain scission agent. 

In view of the variety of products obtained in the above processes, the 
physicomechanical characteristics of Viniplast based on them fall short of the 
corresponding characteristics fora PVC Viniplast. It is well-known’ that even 
for PVC “by itself nonuniformity of molecular weight has an unfavorable 
influence upon the quality of Viniplast. 

With polymerization of vinyl chloride in the presence of SKN-26 we obtain 
products (7 to 12%) which are insoluble in cyclohexanone at 80° over a period 
of 100 hours. The homopolymers (PVC and SKN-26) and also corresponding 
mixtures of components of analogous composition are highly soluble in cyclo- 
hexanone under considerably less severe conditions. The thermomechanical 
curve plotted for the insoluble portion of the product confirms the presence of 
three-dimensional structures (Figure 2). An analysis of the insoluble portion 
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Fia, 2.—Dependence of deformation upon temperature for the 7 fraction of the product 
obtained in the graft copolymerization of vinyl chloride and SKN-2 
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of the product revealed the presence in it of 42.4% chlorine and 1.84% nitrogen. 

The processing of rubber under conditions exactly reproducing the experi- 
ments with vinyl chloride in a solution of a substance not capable of polymer- 
ization (in our experiments we used in place of viny! chloride its hydrogenation 
product, ethyl chloride) does not in general alter its solubility. Consequently, 
the presence of an insoluble product in the polymerization of vinyl chloride in 
the presence of rubbers is governed by the formation of a rubber network 
bound by chains of PVC. Analogous phenomena are observed in the grafting 
of styrene to natural rubber®. 

An attempt to prevent the formation of three-dimensional structures in the 
process of grafting, by the introduction of regulators (CCl4, CHCl;) did not 
meet with success. In the presence of a small addition of regulator (up to 1%) 
the reaction of graft polymerization did not take place and a mechanical 
mixture of the polymers was formed. 

A possible mechanism of the action of the regulator in graft polymerization 
may be expressed by the following formulas’: 


KaH + R- ———> RH + Ka.-, 
Ka- + CCl, ——> KaCl + CCl;- 
CCl3- + nM ——> CCl; — (M)z, 


where KaH is the molecule of rubber, R the radical formed in the decomposition 
of the initiator, and M the molecule of monomer. 

The ozonization of the resulting insoluble products of graft copolymerization 
of vinyl chloride with SKN-26 leads to a considerable improvement in their 
solubility on account of the scission of chains of rubber (under the conditions 
of the experiment PVC is stable to ozone). 

A further line of investigation was the study of compositions based on PVC 
and various rubbers under conditions of mastication at high temperature. 
It was of interest to investigate the influence of the polarity of the rubbers 
upon the principal physicomechanical properties of Viniplast. With this 
purpose in view we prepared compositions on a basis of PVC (grade PF-4) 
and of natural, isoprene, butadiene, butadiene-styrene and chloroprene (Nairit) 
rubbers. 

The results of physicomechanical testing of the resulting Viniplasts, 
prepared according to the above formula and technology, are collected in 
Table 2. 

Judging from the properties of Viniplasts given in this Table, the rubbers 
containing polar groups (Nairit and SK N-26) raise the impact strength of the 


TABLE 2 


PHYSICOMECHANICAL PROPERTIES OF VINIPLAST WITH RUBBERS 


Amount of Impact 
rubber in strength Tensile Relative 
composition, with notch, strength, elongation, 
Grade of rubber % kgem/sqem kg/sqem % 
PVC without rubber _ 8.6 550 82 
Natural rubber 10 9.7 354 4.4 
Butadiene rubber 10 6.7 350 5.8 
Isoprene rubber 10 3.7 357 9.7 
Nairit 10 16.5 437 81.5 
Butadiene-nitrile rubber 34.6 00 
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Viniplast, while the nonpolar elastomers (SKB, SKI and natural rubber) are 
practically incompatible with PVC and lower the strength characteristics of 
articles based on it. On increasing the polarity of the rubber there is an 
improvement also in the strength characteristics of the resulting Viniplast. 
One indication of the incompatibility of PVC with natural rubber, SKI and 
SKB is the very low value of relative elongation, in spite of the fact of there 
being 10% of rubber in the composition. 

The optimum physicomechanical properties belong to a Viniplast based on 
a PVC-SKN-26 composition. A significant improvement in the properties 
of the composition, in our opinion, is connected with the formation of hydrogen 
bonds between butadiene-nitrile rubber and PVC. 


CONCLUSIONS 


1. The authors investigate the graft copolymerization of vinyl chloride and 
butadiene-nitrile rubber by a chain transfer reaction, and also the combined 
mastication of PVC with various rubbers at elevated temperatures. 

2. In physicomechanical properties Viniplasts produced on the basis of 
the products of graft copolymerization of vinyl chloride with butadiene-nitrile 
rubber, and also of the modification of PVC by butadiene, isoprene and natural 
rubbers are not superior to the corresponding characteristics of ordinary 
Viniplast. 

3. In the combined mastication of PVC with Nairit and of PVC with 
butadiene-nitrile rubber at elevated temperatures compositions are produced 
which in respect of impact strength are 2 to 4 times superior to Viniplast from 
PVC. 


4. It is suggested that the improvement in the physicomechanical prop- 
erties in the combination of PVC with SKN-26 is connected with the formation 
of hydrogen bonds between the molecules of the polymers in question. 
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THE CEPAR (CURE, EXTRUSION, PLASTICITY, 
AND RECOVERY) APPARATUS * 


AN INSTRUMENT FOR MEASURING PROCESSING 
CHARACTERISTICS OF RUBBER MIXES 


F. 8S. Conant W. E. CLAxtTon 


Firestone Tire & Russer Co., Akron, O. 


The ease and efficiency with which elastomeric materials may be converted 
from a raw polymer state to a form ready for vulcanization may be designated 
by the general term “processability”. Since a great many factors enter into 
processability, such as milling energy required, breakdown time, scorch 
characteristics, ease of incorporation of pigments, smoothness of formed or 
extruded articles, and their deformation with time, it is not surprising that a 
number of different tests have been developed for its evaluation. These tests 
have been well summarized by R. P. Dinsmore and R. D. Juve! who emphasized 
that the selection of processability test methods must be based on the conditions 
employed in each specific factory operation. In other words, each of the tests 
in common use provides information on a limited phase of the problem. 

The test described in this paper enables measurements to be made of 
several of the more important processing variables in a rapid and continuous 
operation. These include elastic stiffness factor, resistance to orifice flow, hot 
recovery, flow scorch, and swelling of extruded material. 


DESCRIPTION OF APPARATUS AND TEST METHODS DATA PROCESSING 


The basic apparatus may be used to perform tests in two distinct categories, 
evaluation of curing and of processability characteristics of elastomers. Be- 
cause of its dual use this device has been termed the Cepar (cure, extrusion, 
plasticity and recovery) apparatus*. Only a separate insert in the test chamber 
is required to change from one type of test to the other. 

A sketch of each insert is shown in Figure 1. In the first unit on the left 
of Figure 1 the extrusion plasticity and recovery insert is shown in the test 
chamber. Also shown is a portion of the loading arm through which the 
extruding force is applied. 

The second unit on the right of Figure 1 shows the insert for the curing 
tests. The plunger shown embedded in the test specimen deflects, upon load 
application, to an extent determined by the state of cure of the specimen. 

The scope of the present discussion is limited to the application of the ex- 
trusion phase of the Cepar apparatus to the study of processability of elas- 
tomers. In this use the Cepar apparatus is essentially an extrusion plastometer 
operating at a chosen constant relatively low load, with provisions for heating 
the specimen and for measuring the loading arm deflection at any given time 
after applying or removing the active load. An extruding force is applied to 
the test specimen when a load cam is rotated so that the unbalanced beam is 


* Reprinted from Rubber World, Vol. 143, No. 2, pages 71-83 (1960). 
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Fic. 1.—Sketch of Cepar apparatus. On the left the extrusion plasticity and recovery insert is in the 
test chamber. On the right is the insert used for the evaluation of cure characteristics. 


lowered on plunger. Cycling timer controls can be adjusted to rotate the cam 
or to turn on the recorder chart drive with load continuously applied, at 
intervals of from one minute to 60 minutes as may be desired. 

The 3.5- to 4.5-gram test specimen is preformed cold into an approximately 
cylindrical shape, 0.75-inch diameter by 0.5-inch high to fit into the test 
cavity shown in Figure 1, left. A disk-type slug having a central orifice }-, }-, 
$-, or }-inch diameter is loaded on top of the rubber sample, and a chosen load 


applied. After the sample has been compressed to an initial reference zero 
(some extrusion occurring thereby), abrupt application of a greater load to the 
orifice disk causes an instantaneous deflection which is related to the elastic 
or time independent deformation properties of the material. Continued load 
application results in a continuous extrusion at a nearly constant rate, the 
reciprocal of which is a measure of the flow resistance, Ny. Upon removal of 
the load the extruded portion of the material tends to retract through the 
orifice, thus forcing the disk upward and providing a measure of hot recovery. 
After removal of the specimen from the test chamber the diameter or length of 


Fic. 2.—Heating cavity unit showing orifice load plunger-specimen assembly. 
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the extruded portion can be measured. A heating cavity unit with the various 
inserts and a tested sample is shown in Figure 2. 

Each test chamber fits loosely into an electrical heating unit which is 
controlled individually by a contact relay meter through a thermocouple in- 
serted in the inner chamber wall. Temperature variations at the thermocouple 
are held to +1° F during normal operation. 

A measure of orifice extrusion or of hot recovery is obtained on a strip chart 
recorder. For this measurement a core of easily magnetized material is 
suspended from the free end of the loading beam and extended into a motion 
transmitter coil. Machine constants are such that a plunger motion of 0.1-inch 
produced 85% of full-scale deflection on the recorder. A motion of 0.1-inch 
of the 3-inch-diameter orifice disk results in an extruded length of about one 
inch of the sample specimen. The recorder chart drive may be started auto- 
matically when the load is dropped by the rotating cam, or it may be controlled 
manually through use of a toggle switch provided for this purpose. 

An overall view of the four-station apparatus is shown in Figure 3. 


ope 


Fic. 3.—Overall view of four-station Cepar apparatus. 


Data processing.—A typical chart obtained in the determination of elastic 
stiffness, M;, flow resistance, N;, and hot recovery, R, is reproduced in Figure 4. 
Elastic stiffness factor, M;, is a Cepar index related more closely to the recover- 
able part of orifice flow (deformation flow) than to the non-recoverable (plastic) 
flow. The horizontal lines in Figure 4 were all obtained while the chart was 
stopped ; those before the time of load removal represent continued flow, and 
those after load removal represent recovery of the material back through the 
orifice. 

The My value is found by dividing the instantaneous deflection into a 
constant, 845, which is a constant of the Cepar apparatus and equals the 
number of chart units per inch deflection of the load plunger. For the data in 
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Figure 4, the instantaneous deflection is given by the length of the horizontal 
line at the point entitled “load applied’. This gives 


845 chart units/inch 
(16.4-12.0) chart units 


M; = = 192 inches“! 


This is a quantity which is ipversely proportional to the near instantaneous 
“deformation flow” of the sample under conditions of abrupt load application. 

The Ny, or flow resistance, value is found by determining the slope of the 
flow curve at a point where it represents a steady state flow, finding the cotan- 
gent of this angle, and multiplying it by 11.7, which is the ratio of the number 
of chart units per inch of plunger deflection to chart speed in units per minute. 
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kia, 4.—Typical Cepar chart for determining My, Ny, and R. 


For the data in Figure 4 the flow curve near 30 seconds’ loading time makes an 
angle of 15.5 degrees with the direction of chart paper travel, making 


Ny = 11.7 cot. 15.5° = 42.2 min/inch 


This is a quantity which is inversely proportional to the “plastic flow” of the 
sample. In general, Ny increases with increased loading time due to curing 
processes. Both Ny and My decrease markedly with an increase in driving 
pressure or an increase in orifice diameter. These conditions, then, must be 
fixed for tests on stocks which are to be compared with each other. 

The hot recovery value, R, is found by dividing the recovery in chart units 
at a specified time after load removal by the total deformation at the time of 
load removal. For the data in Figure 4 this gives for the hot recovery index 
measured one minute after load removal: 
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Recovery in chart units upon load removal = 43.7 — 21.0 = 22.7 chart 
units 
Total deformation at time of load removal = 43.7 — 12.0 = 31.7 chart 
units 
22.7 


From which R = 317% 100 = 72% 


In a similar manner the recovery could be evaluated for any chosen time 
after load removal. For many stocks no visible recovery will occur after one 
minute, whereas others will continue to recover for longer periods. A measure 
of hot recovery of this nature is believed to be unique among processability 
tests. 

Flow scorch, an increase in resistance to flow due to curing or thermal 
bonding processes, is found by plotting Ny; against heating time. The shape of 
the curve indicates the scorch behavior of the stock. No specific index for this 
property has been established, although it has been observed that the heating 
time represented by the onset of the steep portion of the above curve in general 
agrees with the scorch time determined by modulus measurements. 

Orifice swell is the ratio of extruded diameter to orifice diameter and is 
determined from measurements made on the specimen after it has been removed 
from the test chamber and cooled. Normally the specimen tip, which extrudes 
at a relatively low temperature during the initial loading-preheating period, has 
a larger diameter than does the portion extruded at a constant rate. Both 
measurements are usually recorded. 


COMPARISON WITH CONVENTIONAL TEST RESULTS 


When applied to stocks covering a wide range of plasticities, the conven- 
tional plasticity tests and the Cepar test all give results which rate the stocks in 
the same general order. Considerable differences in relative values are ap- 
parent, however, which show the different tests do not all measure the same 
property. This is illustrated by the data in Table I in which sample C shows 
the highest Mooney, Williams, Ny and My values and recovery indexes of the 
five cold SBR compound samples in the series. Sample B shows the lowest 
Cepar recovery and Williams indexes. Indexes for the other samples, however 
give mixed ratings. 

A general correlation between Ny and Firestone extrusion plasticity T-5 


TaBLe 


CoMPARISON oF Mooney*, WILuiAMsf, AND Cepar Puasticity INDEXES 
oN CompouNbDED SBR Stocks 


Compound 


Mooney ML/4/212° F 
Williams Y; @ 212° F (mm) 
Recovery (mm) 
Increase (%) 
@ 260° F N; @ 15-see (min/inch) 


% Recovery 17 
% Swell (maximum) 24.8 26.0 19.2 


Cones 260° F, }-inch diameter orifice, 8-Ib load, 4-g specimens, recovery for 75% load 
remov 

* ASTM D 1646-59T, American Society for Testing Materials, Philadelphia 3, Pa. 
+ ASTM D 926-56. 


59.0 51.0 745 580 565 ae 

468 430 560 440 4.56 

116 0.78 222 O91 0.90 

182 39.7 27 198 
25 18 83 33 27 me 

M,; (inch 161 84 307 170 143 a 
21.3 20.0 ee 

24.0 22.4 
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(T-5) 


FIRESTONE EXTRUSION PLASTICITY 


50 100 150 
CEPAR FLOW RESISTANCE, Nt (MIN. /IN.) 


Fic. 5.—Cepar flow resistance vs. Firestone extrusion plasticity index. 


values*® is shown by the data in Figure 5 on a group of cold SBR tread-type 
compounds. 

The time required for a polymer to break down on a mill and the manner 
in which pigments are incorporated are important characteristics of its general 
processability. Indexes which have been developed to represent these prop- 
erties include “knit time”, or the time required for the polymer to form a 
band on the mill, “smooth time’’, or the time required for the band to become 
smooth and free from holes, and “carbon black-in time’’, or the time required 
for a given amount of carbon black to be incorporated into the mix. 

A composite Cepar index, N; + 4M,;, has been found to vary concomitantly 
with each of these indexes, as is shown by the data in Figure 6 for a series of 
samples representing varying degrees of polymerization of an elastomer in a 
processing study. This composite index was arrived at by a trial-and-error 
procedure to determine the best relative weighings of the two indexes for 
correlation with the laboratory mill handling characteristics. The data in 


'/ KNIT TIME 


CARBON BLACK-IN TIME 
SMOOTH Time 


Ne + 1/5 Mt AT 120°F. 


RECIPROCAL TIME SCALE (MIN.”) 


Fie, 6.—C Cepar bility index vs. mill handling characteristics 
of Time scale is in reciprocal minutes. 
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TABLE II 


REPRODUCIBILITY OF CEPAR PROCESSABILITY INDEXES 
on A Cotp SBR Treap-Type Srock* 


Statistical 


Sample No. 1 2 3 4 5 6 7 8 9 10 Ave. Prob-Error 
Ny @ }-min 18.2 18.2 17.4 19.4 18.2 20.4 18.2 20.9 18.9 20.9 19.1 _ 
-min 19.9 19.5 18.9 213 209 224 19.4 20.9 20.9 25.3 20.9 _— 
i-min 22.5 20.9 20.9 22.4 21.3 25.3 20.4 23.0 21.8 25.3 22.4 — 
lmin 22.5 22.0 21.3 23.6 22.4 25.3 22.4 23.6 23.0 25.7 23.2 + 3.8% 
1} min 24.2 25.3 23.0 25.3 25.6 25.7 25.3 25.3 23.0 27.3 25.0 — 
1g min 25.3 25.9 242 28.0 25.6 28.0 25.3 25.7 23.6 28.0 26.0 — 
My; — 122 102 — 102 111 101 93.5 102 92.0 108 + 6.3% 
Rewt (%) 12.8 12.4 15.0 12.6 13.4 15.1 13.1 15.1 12.9 16 13.8 + 6.0% 


Test conditions: 250° F, }-inch diameter orifice, 5-g specimens, 6-lb load, 5-min preheat. 


*131 parts oil-extended SBR polymer, 65 parts HAF black; sulfur-N-tert.-butyl-2-benzothiazole 
sulfenamide (Santocure NS, Monsanto Chemical Co.) cure. 

+ Rs» = percentage of total deflection recovered in 15 seconds after removal of 5-lb load. 
Ny values given in min/inch. My values given in inches“. 


Figure 6 show that the samples of the elastomer which required the shortest 
time to knit together, to band smooth on the mill, and to incorporate carbon 
black gave the highest values for the composite index; whereas those requiring 
the longest times for these phenomena gave the smallest values for the index. 


REPRODUCIBILITY OF RESULTS 


Reproducibility of the major Cepar processability indexes is generally higher 
than the reproducibility of different mixes based on a given formula; so they 
can be used to check the latter. 

An illustration of the precision of these indexes is given in Table II where 
the data represent results obtained on 10 samples of a single mix of cold SBR 
tread-type stock. The reported probable errors indicate that 50% of all tests 
made on this stock would give Ny values within +3.8% of the mean given, M; 
values within +6.3% of the mean, and R values within +6.0% of the mean. 
No special precautions were used in mixing this stock. 


EFFECT OF TEST TEMPERATURE ON CEPAR INDEXES 


Flow resistance, N;, has always been found to decrease with increasing 
temperature; however, the recovery, R, and the elastic stiffness factor, M,, 
may either decrease or increase with increasing test temperature, depending 
upon the particular compound and the chosen temperature range. An illustra- 
tion of the temperature dependence of these Cepar indexes is shown in Figure 7 
for a cold SBR compound with 131 parts oil-extended polymer, 65 HAF black; 
sulfur-Santocure NS cure. 


EFFECT OF HEAT HISTORY ON FLOW RESISTANCE 


It is well known that fully compounded stocks will ‘scorch’, that is, they 
will acquire physical characteristics similar to those of partly vuleanized stocks, 
if they are subjected to sufficiently high temperatures during processing prior 
to curing for a sufficiently long period of time. Furthermore, such a “heat 
history’’, acquired during the various processing stages, is additive. For ex- 
ample, a tread stock batch which is kept in the Banbury mixer for longer than 
its normal cycle is more likely to scorch in the tread extruder, it has been found, 
than is a batch which is kept on its normal schedule. 

An analogous effect, which cannot be attributed to partial vulcanization, 
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Fie. 7.—Effect of test temperature on Cepar processability indexes for cold SBR tire tread-type stock. 


may occur in polymer/carbon black masterbatches. This effect is illustrated in 
Figure 8 for a masterbatch (no curing ingredients) of 100 parts cold SBR and of 
50 parts HAF black, which shows a steady increase in Ny with heating time 
before testing. 

No such effect was found for the raw polymer alone; Ny remained practically 
constant over a 30-minute heating time at 300° F. Evidently the size of the 
rheological flow unit in the polymer-black masterbatch became progressively 
larger as the “heat history” was acquired. Such a picture is consistent with 
the very large flow units postulated by Mooney‘. The “thermal bonds’ 
necessary for an increase in size of the flow unit formed quite rapidly at 300° F, 


FLOW RESISTANCE, Ne (MIN. /IN) 


24 32 40 48 56 64 
MINUTES AT 300° F. 


Fie. 8.—Increase in flow resistance with time at 300° F for a cold 
SBR- carbon black masterbatch. 
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Fic. 9.—Factory tire tread processing stages from raw polymer to tire building machines. 


as shown in Figure 8. A subsequent experiment showed that their formation 
at 280° F, was much slower. After 350 minutes at 280° F, Ny had increased 
from an initial value of 50 to only 180. 

Thermal bonds of the kind shown in Figure 8 did not form at all in com- 
pounds containing 50 parts of whiting in place of the black. It was also 
determined that the thermal bonds formed in the HAF black masterbatch were 
permanent as regards shelf aging over a period of one month. 

Because of the relatively slow rate of formation of these thermal bonds, 
their effect is masked by the normal curing reaction in fully compounded stocks. 
Thermal bonds may, however, play an important role in filler stiffening which 
normally occurs during the first Banbury cycle in factory mixing. 
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CEPAR TEST APPLICATIONS 


A ready application of Cepar methods to heat history effects is in the study 
of changes in plastic and elastic properties occurring in a tread stock as it 
progresses from raw polymer to extruded tread in the factory processing cycle. 
Figures 9 and 10 show the various processing stages and the progressive change 
in properties for a cold SBR tread stock. Both the softening effect of me- 
chanical working and the stiffening effect of heat history are evident. 

Thus, as is shown in Figure 10, incorporation of the carbon black in the 
first Banbury mixing drastically reduced the orifice swell from about 75° on 


FLOW RESISTANCE (Nt) 
OR ELASTIC STIFFNESS (Mf) 
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Fia. 10.—Variation in Ce indexes during factory tire tread processin, 
from raw er through tread extruder. 
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FLOW RESISTANCE, Ne (MIN/IN) 


BANBURY TIME (MIN) 


Fic. 11.—Effect of time in the Banbury mixer on the flow resistance 
of synthetic polyisoprene (Coral rubber). 


the raw polymer (station A) to about 15% on the masterbatch (station C). 
Processing operations after the final Banbury (station E) had very little effect 
on orifice swell, which is probably due to the counterbalancing effects of the 
acquisition of heat history by the compound (tending to reduce swell) and of 
mechanical breakdown of the polymer (tending to increase swell). In general, 
the Cepar flow resistance, elastic stiffness, and hot recovery of the tread com- 
pound were affected in a very similar manner by the various processing stages, 
as can be seen from the data in Figure 10. The discharge mill (station F) ; 
however, has a considerable softening effect on the compound as regards flow 
resistance, but the elastic stiffness and hot recovery were scarcely altered by 
this processing operation. 

Another example of the use of the Cepar apparatus is shown in Figure 11, 
where the results of the progressive breakdown of Coral rubber (Firestone’s 
synthetic polyisoprene) in the size B Banbury mixer areshown. The apparatus 
was well adapted to this study since the small test sample required made it 
convenient to take samples from the Banbury at one-minute intervals. 

In another compounding study it was required that the stock involved 
should have a very high durometer hardness and that it should have very little 
flow while being cured. It was soon established that such a stock was too stiff 
to evaluate on conventional test equipment. A special test based on the use 
of the Cepar apparatus, however, did provide the required data. It was 
determined that the total length of the stock extruded during a seven-minute 
period at 300° F should be not more than 0.40 inch. Some of the compounds 
evaluated were air-curing, and it was necessary to determine the effect of 
storage between mixing and curing. 


Taste III 
Cepar Evauvuation or Arr Curtnc High HarpNess ComMPpouNnDs 


Inches 7-min extrusion—various compounds 


No. days between r — 
mixing and testing F G H I J K 
3 38 37 .29 .27 .68 
11 .28 18 .26 19 44 


Cepar test conditions: } in. diam orifice, 300° F, 5-g sample, 2-lb load @ } min, + 11 Ib @ 1}-min. 
Load removed @ 7 min. 
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The data in Table III show that compound K was the only one of the six 
compounds which were evaluated that did not meet the extrusion requirement. 
Since curing progressed very rapidly as soon as curing temperature was reached, 
the stocks were in a cured state upon removal from the apparatus at the end 
of the seven-minute period, most of the extrusion having occurred during the 
first two or three minutes. The Cepar apparatus could be used advantageously 
in this study because ready access to the interior of the heating chamber was 
possible, and no problem was encountered by the stocks “setting up” or curing 
during the test. 


SUMMARY AND CONCLUSIONS 


The principal advantages of the Cepar apparatus over commercially avail- 
able plastometers for making processability tests include the following: small 
sample size; rapidity of testing; the wide range of orifice sizes, driving pressures 
(loads), and temperatures readily available; versatile controls for incremental 
extrusions at timed intervals (for studying curing effects) and/or for continuous 
extrusions ; and the feasibility of using this apparatus to evaluate flow character- 
istics of stiff or “boardy” compounds or even of cured compounds normally 
considered out of range for conventional tests. The apparatus, in its normal 
application, will yield values for instantaneous orifice deflection (elastic stiffness 
factor), the continued rate of extrusion, and hot recovery upon load removal. 
Tests can also be made upon the removed sample for such things as orifice 
swell, extruded length, etc. 

In addition to the applications cited in this paper, the apparatus has been 
used to study the problem of knitting of factory stocks, as a control instrument 
to select the best temperature for extrusion processes, and as an evaluation 
instrument for various compounding studies. It has been used also as an 
instrument to evaluate the degree of heat softening (up to temperatures of 
600° F) occurring in high-temperature heat-resistant stocks, in studies correlat- 
ing factory extruded tread center gage with Cepar swell measurements, and in 
tests for degree of polymerization in SBR produced by the continuous process. 
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INTRODUCTION 


Evaluations of state of cure and of rate of cure in elastomers have been the 
subject of a great number of investigations reported in rubber literature. 
These have resulted in the development of a number of test methods, which 
have been well summarized by Juve!. The most commonly used test is a 
highly subjective combination of tensile modulus, ultimate elongation and 
rupture strength, although it has been pointed out by Schade? that experienced 
compounders may reach a wide range of “optimum” cures, all based on a given 
set of data. A greater precision has been claimed by Schade and by Stiehler 
and Roth’: ‘ for a dead weight strain test method for evaluating cure. A nearly 
absolute measure of degree of vulcanization by a swelling method is claimed by 
Kraus’. 

In a method described by Peter and Heidmann® and by Payne’ a dynamic 
shear modulus is measured during the progress of vulcanization and reversion 
thus obtaining a complete curve of modulus vs. cure time on a single specimen. 

A similar method is used in the recently marketed Wallace-Shawbury 
Curometer® *, One drawback to this method is that the specimen cures under 
no hydrostatic pressure, resulting in variable porosity. In all of the methods 
described in Reference 1 it is necessary to cure specimens to each of the states 
for which data are desired and then run the appropriate physical test, which 
procedure consumes a great deal of both time and sample material. 

It is often advantageous to know certain curing parameters besides the time 
for “optimum” cure. Stiehler and Roth® decided that three parameters are 
necessary to describe curing properties (a) scorch time, (b) rate of cure, and 
(ce) a structural factor which may be associated with the inherent stiffness of 
the rubber compound. In one series of tests they obtained all of these factors 
on their strain tester. In another series they used a Mooney Viscometer for 
evaluating scorch time. Gee and Morrell”, among others, preferred to use the 
Mooney instrument for scorch time, while depending upon modulus tests for 
cure rate and state of cure. Juve" has suggested a method for obtaining 
optimum cure times as well as scorch times from the Mooney Viscometer. 
The advantage of a single instrument and test procedure for determining all of 
the desired parameters is obvious. 

The test described below yields objective indexes for: (a) scorch time (first 
observable stiffening), (b) induction time (extrapolation of curve to zero cure), 
(c) curing rate, (d) time for attainment of any specified percentage of full cure, 


* Presented before the Divisi 


bber Chemistry, ACS, New York, N. Y., Sept. 15, 1960. Re- 
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(e) induction time for start of reversion, (f) reversion rate and (g) time for 
reversion to cause any specified percentage loss in the fully cured modulus. 
The method is based on measurements of progressive modulus change during 
cure, following Fletcher, Gee and Morrell? in the use of modulus as a measure 
of the state of cure. 

It was shown in an earlier work" that the state of cure of an elastomer could 
be represented by the ratio of a Young’s modulus M at cure time T to the 
corresponding modulus M,, at full cure, and that this ratio could be represented 
adequately by an equation derived from a first order reaction hypothesis, 


M/M. = 1 — 


wherein k is a curing rate constant and 7° is the induction period, or cure time 
before the modulus starts increasing ‘significantly, and e = 2.72 is the natural 
logarithm base. Stiehler and Roth*® maintain that a second order cure reaction 
theory agrees with facts better than does a first order reaction. The above 
equation, however, was found to apply to all of the compounds investigated 
within the limits of compound reproducibility. 


DESCRIPTION OF APPARATUS 


In addition to its use in determining cure parameters, the test apparatus 
was designed for processability evaluations on polymers and unvulcanized 
compounds. In order to indicate its complete range of utility it has been 
termed the Cepar apparatus (cure, extrusion plasticity and recovery). Its 
use in plasticity determinations is described in a separate report!®, in which an 
overall description of the apparatus is also given. 

The apparatus in present use (Figure 1) is a 4-station model with individual 
temperature controls for each station and a common chart recorder for all 
stations. Components of the test chamber are shown in the photograph of 
Figure 2. In Figure 3 the test specimen is shown confined in a } inch diameter 
chamber which is heated to the desired temperature by the surrounding electric 
furnace. Test temperatures are controlled roughly by a manually set auto- 
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SPRING 


FURNACE~_ 
SPECIMEN 


¢ 
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transformer on the furnace windings and more precisely by a contact relay 
meter which is actuated by a thermocouple inserted in the hole shown in the 
test chamber wall (Figure 2). The latter controls about } of the applied volt- 
age. By this method the temperature of each unit may be controlled indi- 
vidually within +1° F in the range of 77° F to 600° F. 

A dead weight is applied periodically to the } inch diameter loading plunger 
by motorized rotation of the cam at predetermined intervals of from 1 minute 
to 1 hour. The load is sufficient to produce a unidirectional compression of 
about 8% in the uncured specimen, the displaced rubber moving upward 
against the force of a coil spring. The loading pressure of about 50 psi applied 
to the specimen to force the loading beam down to the cam is sufficient to force 
the plunger tip into the rubber where it remains embedded during the cure. 
It is also sufficient to produce a non-porous vulcanizate. The load to be used 
is selected so as to give nearly full scale recorded deflection on the uncured 
specimen. 

The deflection sensing device is a differential transformer, the core of which 
is link-corrected to the end of the loading beam. Deflections are recorded on a 
roll chart recorder, the chart drive of which is started automatically one second 
before the rotating cam allows the full load to be applied to the specimen and is 
stopped automatically after an on period of three seconds. 


TEST METHOD 


Test specimens of raw rubber were either weighed or preformed by extrusion 
to an essentially constant volume. For normally compounded SBR or natural 
rubber 4.2 g was satisfactory, gum stocks required slightly less and highly 
pigmented stocks slightly more. Samples were preformed cold in a pressure 
mold to approximately a cylindrical shape 3? inch in diameter by } inch high. 
With the heating chamber at the desired temperature and load cycling 
controls set to proper times, the specimen is inserted at a noted time, and the 
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load applied with the cam positioned to support the major load. Approxi- 
mately 30 seconds later the cam is rotated to apply the full load to the loading 
plunger, giving a short trace of the resulting deflection on the recorder chart. 
Deflections on the succeeding drops increase slightly or remain constant at 
first as the sample heats up, then decrease continuously during the cure. 
Usually there is a comparatively long interval after full cure is attained wherein 
deflections remain fairly constant. As reversion begins the deflections again 
increase. 


DATA ANALYSIS 


A reproduction of a typical chart record for a single unit is given in Figure 4. 
A smooth curve drawn through the deflection maxima shows the progress of 
both the cure and the reversion processes. The scorch time, indicated by R,, 
is the time required for the first observable stiffening. The induction time, 
Ro, is found by extending the straight line portion of the cure curve until it 


CURE STAGE HEAT AGING STAGE 
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reaches the zero cure level. The term Rp will be recognized as the Cepar 
measure of the more general term 7’) which appeared in the preceding equation. 
The time to reach a ‘“‘p-actical’’ 100% cure can be read directly from the chart. 
Additional significant parameters can also be obtained from the data. Consider 
the following relations. 


Let K = the fractional modulus change of a stock completed after any 
given curing time 

= Modulus at fractional change K 

initial modulus of uncured stock 

modulus of fully cured stock 
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since we have taken modulus change as a measure of state of cure. In the 
latter form it is seen that if M,/M,, (the initial cure) is small as compared with 
unity, the value of K at any cure time is a measure of the difference in fractional 
modulus cure that has occurred in the stock. Normally any stock that can be 
preformed satisfactorily for testing in the apparatus will be at a very low state 
of cure (M;/M,, ~ .01); hence, except for very low cures, the value of K as 
given above will be essentially equal to M/M,, our previous definition for state 
of cure. 

The modulus terms in the above expression should be converted into de- 
flection terms for application to a chart record such as that in Figure 4. 


Let X 
X; 
Xo 

making 


chart deflection at fractional cure K 
initial chart deflection 
chart deflection of fully cured stock 


K 


/Xi— Xe 


since the force is the same at all deflections. 


The above equation may be solved for X, giving 


rex 


For a 20% cure, for example 


Xi 
X; + .2 (7 i)| 


With the deflection for a given state of cure thus determined, the cure time 
can be read directly from the chart. Use of the chart deflection measurements 
in this manner avoids the necessity of calculating an absolute Young’s modulus 
since only the relative values are required. A 90% cure has been used satis- 
factorily as ‘“optimum’’. 

The curing rate constant k evaluated from the induction period 7» and the 
time 7 required to reach a fractional modulus K is given by: 


k = (T — To)" In [1/(1 — K)] 


Heat degradation measurements may be analyzed in an analogous manner. 
Let X_, represent the chart deflection level after a given cure time which has 
caused a modulus reduction to a fraction P of the undegenerated modulus, then 


P= 


j 


Xi + P( 1) | 


The degradation reaction rate constant evaluated from the time r,, meas- 


and 
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TABLE [ 


StaTE oF CurRE AS DETERMINED BY THE CEPAR TEST AND BY TENSILE 
Moputvus Data. LTP Treap Srocx. 280° F Curinc TEMPERATURE 


From ring sample (Cepar specimen) 
% cure) 


From 
dumbbell sample 

(% Cure) 100% Ext. 300% Ext. 300% Ext. 
53 55 
83 86 
96 99 
~100 -~100 


Cure time from Cepar 
A 


ured from the beginning of the cure run, that is required before the degradation 
reaction is g X 100% complete is given by: 


Y = (tq — In (1/(1 — 9) J, 
where ro is the time at which the heat aging reaction commenced. 


COMPARISON OF RESULTS WITH CONVENTIONAL 
PHYSICAL TEST DATA 


State of cure as evaluated by the Cepar apparatus is in good agreement with 
that determined from tensile modulus tests, as is shown by the data in Table I. 
For the LTP (low-temperature SBR) tread stock tested it had been shown 
that a 60 minute cure produced very close to the maximum modulus attainable. 
The degree of cure produced by each of the shorter curing times was determined 
from the percentage of this maximum modulus attained from both the Cepar 
and physical testing data. 

The ring sample on which data are given in Table I was molded on the 
bottom of the Cepar specimen and cut off by a razor blade on a lathe. By this 
procedure a tensile test specimen is obtained which has exactly the same state 
of cure as the final state of the Cepar specimen itself. Other physical measure- 
ments may be made on the cured Cepar cylinder. These include compression 
modulus (ratio of compressive stress to linear compression) recovery, hardness, 
resilience and specific gravity. A very satisfactory compression modulus meas- 
urement can be made on the Cepar apparatus itself by placing the cured Cepar 
cylinder on a separate support under one of the loading arms and using the 
recorder to measure the resulting deflection. It is thus possible to obtain 
both Cepar and a variety of physical testing data on as little as 5 grams of 
sample—a definite advantage when evaluating experimental polymers. 

In one model of the Cepar apparatus the loading beam was extended past 
a knife edge pivot to form a nearly balanced double beam, which was loaded 


TaBLe II 


Scorcn Time AS DETERMINED BY THE CEPAR TEST AND BY THE MOONEY 
PLASTOMETER. HEVEA TREAD Type Stock 


Remill time Cepar scorch time Mooney scorch time 
(min @ 240° F) (min @ 250° F) (min @ 250° F) 
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(Min) 
15 

30 

45 

60 

Re 

ie 0 32.5 25 
2 27.5 27 

6 21 24 

10 17.5 18 

3 20 7.5 7 
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TABLE III 


Data on 4-Unit Cepar AppARATUS HEVEA TREAD 
CompounD, 280° F Test Temp., 4.2 g SAMPLE 4.5 LB 
Loap. 14 Min Cycie 


Induction period Ro (min) Time to 50% cure R.s (min) 
Run No. Unit 1 Run No. Unit 1 


Ave. Ry = 9.3 min Ave. R.; = 15.5 min. 
Time to 90% cure R.» (min) Cure rate constant k& (min~) 


Run No. Unit 1 2 3 Run No. Unit 1 2 


2 
3 


Ave. R., = 30.5 min. Ave. k = .11 min“ 


sufficiently to produce a natural period of oscillation, with the rubber sample 
in position, of about .75 eps. When the load supplied by the beam unbalance 
was applied suddenly to the loading plunger damped oscillations were obtained 
which could be interpreted much as for the Yerzley oscillograph. The pro- 
gressive change in dynamic properties during cure thus obtained showed that, 
for most stocks, resilience increased monotonically with increase in cure. 


TaBLe IV 
ANALYSIS OF VARIANCE SHOWN BY Data IN TaBLe III* 
Degrees of freedom Mean square Standard deviation 
Induction period Rp 


Between units (3) ‘ Insignificant 
Between runs 5 a 0.5 min 
Residual error 15+ (3) . 0.9 min 


Time to 50% cure R.; 


Between units (3) 4 Insignificant 
Between runs (5) i Insignificant 
Residual error 15+ (3) + (5) 1.2 min 


Time to 90% cure R., 


Between units 3 ; 2.0 min 
Between runs (5) . Insignificant 
Residual error 15+ (5) : 2.6 min 


Curing rate constant k 


Between units 3 .014 min“ 
Between runs (5) ‘ Insignificant 
Residual error 15+ (5) .019 min“ 


* Reference 16, 
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4 9.5 9.7 9.3 8.6 4 15 17 16 14 has 
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3 4 
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TABLE V 


EFFECT OF FREQUENCY OF LOAD APPLICATION ON MEASURED CURE 
PARAMETERS OF A NATURAL RUBBER TREAD Type ComMPpouND 


Load cycle Ro 
(min) (min) i (min) 
1.25 30.5 
2.5 10.5 32.8 
5 10.0 A 33.0 


Conditions: 280° F, 4.2 g samples, 4.5 lb load. 


The dynamic properties, however, lagged behind the static properties. In 
some cases the most resilient cure was definitely overcured by the normal 
Cepar index. Resilience measurements could be obtained on this version of 
the apparatus either with the specimen in the curing chamber or positioned as 
for the compression modulus test mentioned above. 

The Cepar scorch time shows good agreement with that obtained on the 
Mooney plastometer. This is illustrated in Table II for a Hevea tread type 
compound. The progressively shorter scorch times were obtained by remilling 
the stock for the indicated times. 

Reproducibility of results —During the trial runs on the 4-station apparatus 
a study was made of the reproducibility between units and between runs. As 
is shown in Tables III and IV both of these variations were smaller than the 
residual error. The only significant between runs variance found was in the 
induction period. Since this parameter was measured rather early in the cure 
cycle, it may have been affected by unequal cooling of the heating chambers 
during the specimen insertion. This source of error has been reduced by 
insertion at the top rather than the bottom of the chamber, whereby it is 
unnecessary to remove the chamber from the furnace. 

The between units variation in curing rate constant and time to 90% cure 
shown in Table IV was traced to unit #4 which appeared to be operating some- 
what hotter than did the other units. This difficulty has been corrected 
simply by closer attention to proper setting of the controls. 

Values found for the various curing parameters are not influenced ap- 
preciably by the frequency of load application during the test, as is shown by 
the data in Table V. The choice of load cycle to be used is usually based on 
the expected curing rate of the test specimen. A fast curing stock would be 
tested at a high loading frequency in order to provide a sufficient number of 
chart readings for a smooth curve to be drawn. 


Tasie VI 


Errect oF STaTE OF CuRE ON VaRIoUS PuysiIcaL PROPERTIES 
or Hevea SIpEWALL Type Stock 


Undercure Normal cure Overcure 


Cure time @ 280° F 16.5’ 22.5’ 35’ 50° 3hr 45hbr M4hr 
fractional modulus (K) 0.5 0.7 0.9 10 -09 -08 -0.7 
. Normal stress-strain (ASTM D412) Poor 
. 2 days oven aging @ 212° F (ASTM D573) Good 
. 96 br rien we aging (ASTM D572) Fair 
Hysteresis (Firestone Shear Vibrometer) Poor 
Sidewall flexing Good 
. Crack initiation Fair 
. Oxygen absorption Good 
. Ozone resistance (ASTM D1149) Fair 
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Use as a screening test—In many compounding studies it is desirable to be 
able to evaluate a large number of ingredients which may affect the cure in an 
unknown manner. Some might accelerate the cure to such a degree that the 
shortest time used in a conventional tensile test would produce an overcure, 
while others might be extremely slow curing. In either case an appreciable sav- 
ing in testing time could be determined approximately by a preliminary screen- 
ing test. For this need the Cepar test has been found to be very satisfactory, 
especially when dealing with experimental polymers or compounding ingredients 
in short supply. 

Optimum cure for one physical property may not always be optimum for 
another property. For example, life in a sidewall flexing apparatus was found 
to be longer for undercures (K ~ 0.5) or overcures (K ~ — 0.7) than for 
“normal” cures (K = 0.9 to 1.0). On the other hand, hysteresis properties 
were best for normal cures and became sharply poorer for both undercured and 
overcured states. A summary of the effect of state of cure on eight physical 
properties of a Hevea stock is given in Table VI. 

In the evaluation of rubber chemicals the appropriate physical tests should 
be made on vulcanizate samples which have been cured to a given state. In 
the region of flat cure, where stress-strain properties are nearly constant, 
significant variations in other properties may occur which would affect the 
evaluation of the ingredient being tested. 


TaBLe VII 
Scorcu ON StirF CompounpDs 
Scorch time 
Compound (min @ 250° F) 


Hevea Pale Crepe 

Pale Crepe + 20% Pre-vulcanized latex 
Pale Crepe + 35% Pre-vulcanized latex 
Pale Crepe + 50% Pre-vulcanized latex 


Use on very stiff compounds.—Some experimental compounds are too stiff 
to be tested for scorch on the Mooney plastomer. In general, however, this 
index can be obtained on the Cepar apparatus. An illustration is given in 
Table VII showing how increasing amounts of prevulcanized latex decreased 
the scorch time of a pale crepe natural rubber compound. 

Use as a millroom control instrument.—Millroom control tests are made on 
each batch of factory stock as a check on proper compounding. Normally 
these tests are limited to specific gravity determinations and modulus tests on 
a single cure, thus giving very little information about any stock that might 
be outside the control limits on these properties. The Cepar test is capable 
of yielding the required basic information with a minimum of test time, plus 
additional important information regarding both curing characteristics and 
physical properties of the vulcanizate. By a simple test chamber substitution 
it is also possible to evaluate quickly a number of extrusion properties. 

As an illustration of this type of use consider the data shown in Table VIII. 
Assuming that these specimens were a representative set the mean values and 
probable errors shown at the bottom of the table were calculated. With these 
data as a basis a transparent overlay template shown in Figure 5 was prepared. 
The central dotted curve represents the average cure curve for the 15 samplings. 
The lower line is the slowest cure rate, the longest induction period and the 
smallest initial-final deflection difference allowable. The upper line is the 
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TaBLe VIII 
Cepar Data on 15 Batcues or AN LTP Treap Type Compounp 


Induction Initial-final Compression 

. Period Ro Curing rate chart deflection dul peei 

Sample No. (min) (min™) (chart units) (psi) gravity 
1.150 
1.155 


Probable error & +.032 
(+8%) (48%) (+3%) (46.5%) 


Conditions: 328° F cure, 4.2 g specimens, 4.5 lb load, 1 min cycles, samples cured 14.5 min. 


fastest cure rate, the shortest induction period and the largest initial-final 
deflection difference allowable. In using this template the arrow is placed on 
the chart to coincide with the 30 second reading of the specimen deflection 
under load. The template is then aligned with the chart paper and the cure 
curve observed to fall within or without the chosen ranges. In using this 
template alone as a control criterion it would be necessary to allow the cure to 
proceed only long enough to determine whether or not it was within the 


prescribed limits. 
] I | 
FASTEST PERMISSIBLE CURE 


| 
AVERAGE CURE CURVE 


| 
SLOWEST PERMISSIBLE CURE — 


CHART UNITS 


10 i} 20 
CURING TIME (MINUTES) 


Fia. 5. 
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. 3.73 .342 35.2 485 1.150 
3.45 400 33.0 585 1.150 j 
3.32 380 34.6 533 1.150 
3.68 380 32.0 524 1.150 
3.98 390 35.2 520 1.148 . 
3.79 420 34.0 475 1.145 
: 3.78 425 35.5 555 1.148 
10 4.62 460 37.6 680 1.155 
il 4.12 403 31.4 610 1.155 
12 4.22 . 34.4 550 1.155 
| 13 4.02 .380 35.0 645 1.155 
14 4.88 318 30.5 532 1.150 
15 4.57 380 34.0 545 1.155 
Average 3.92 -404 33.7 555 — 
50 
75 


CHANGES DURING VULCANIZATION 


1.0 


LTP 85% RETENTION 


HEVEA 57% RETENTION 


FRACTIONAL MODULUS 


5 10 
HOURS AT 280°F 


6. 


The above method gives three parameters by which the stock might be 
rejected—the induction period, the cure rate and the extent of cure; whereas 
the conventional millroom control tests give only one—the modulus at a given 
cure time. Consider, for example, a stock which had been given a double 
measure of curing agent or accelerator. It could well be within modulus 
limits, but on the reversion side of the cure curve. Such a batch could pass 
the normal millroom control test and cause much difficulty in further processing 
stages. The Cepar apparatus cure curve would, however, reject every such 
batch. 

If physical testing data on the vulcanizate are desired, compression modulus 
and specific gravity data as shown in Table VIII may be obtained on the cured 
Cepar specimen, or tensile data may be obtained on the ring cut from the 
bottom of the specimen as previously described. 

Use in measuring reversion.—An elastomer which is kept confined at curing 
temperature for prolonged periods will usually show a heat effect wherein the 
modulus begins to decrease at a particular time, proceeds exponentially and 
eventually levels off. Typical modulus changes during the cure and heat 
degradation of a Hevea compound and of an LTP compound, as shown by the 
Cepar apparatus, are shown in Figure 6. Although modulus retention has not 
been investigated thoroughly, it may be a factor in tread wear'’. Modulus 
retention factors (P), measured after the modulus had leveled off, ranging 
from 38% to 92% have been measured on Hevea tread type compounds in 
which the accelerator had been varied. Such a wide range of values should 
be reflected in any service application where additional heat history is acquired. 

Induction times required for reversion to start may also vary widely. A 
range of from 12 min. to 100 min. was observed, for example, in a series of 
Hevea and Hevea/LTP blends. Reaction rates for reversion on the same com- 
pounds ranged from 0.007 to 0.045 min.—'. These measurements represent 
physical properties to which little attention has been given in the literature. 


DISCUSSION 


The Cepar modulus test for cure differs from conventional tests in several 
respects. The differences might appear at first impression to make it in- 
comparable with them. They involve the features that (a) the Cepar]test 
is made at curing temperature rather than room temperature, (b) no rest 
period between curing and testing with the Cepar test is possible, (c) Cepar 


787 
= 
| 
| 
| 
15 
y 


788 RUBBER CHEMISTRY AND TECHNOLOGY 


deflections are small, about 8% unilateral compression, (d) Cepar cures are 
made under pressures (about 50 psi) considerably less than those normally 
used on physical testing samples, and (e) the first deflection measurements 
with the Cepar test may be made before the specimen has reached equilibrium 
temperature (it requires about 4 minutes for the interior of the specimen to 
attain 98% of the differential between room temperature and the curing 
temperature). 

It should be pointed out in view of the above points that no attempt is 
made to measure absolute modulus in the Cepar test, but only the relative 
change in modulus between the uncured and the fully cured specimen. It has 
been shown, as by the data in Table I, that this method yields a value for 
degree of cure that is in agreement with that obtained by more conventional 
methods. In regard to item (d) above, it was found during developmental 
work on the apparatus that a weak spring holding the plunger in the specimen 
did indeed cause a porous vulcanizate. This condition was eliminated by 
substituting a stiffer spring. No significant effect of curing pressure within 
the normal range used has been found, provided that it is sufficient to prevent 
sample porosity. 

In regard to item (e) above, it is necessary to disregard plunger deflection 
readings obtained before the maximum deflection is reached, at which time the 
specimen may be regarded as having reached thermal equilibrium. This in 
no way interferes with the measurements. Curing time is regarded as starting 
at the instant the specimen is inserted into the hot curing chamber. 


SUMMARY AND CONCLUSIONS 


An apparatus and method are described for evaluating state of cure, 
optimum cure time, rate of cure, induction time for cure, scorch time, induction 
time for reversion, reversion rate and degree of reversion of elastomeric com- 
pounds. Coincident with these determinations vulcanizate specimens are 
prepared on which more conventional physical test data may be obtained; 
e.g., compression modulus, compression set, hardness, specific gravity, tensile 
modulus and elongation. 

In essence, the method described provides a progressive measure of modulus 
change during cure or reversion through the change in deformation of a peri- 
odically loaded plunger, one end of which is embedded into the specimen. 
Typical results are given which show application of the apparatus to screening 
tests, millroom control, reversion studies and to compounds which are too 
stiff for conventional test methods. 

Demonstrated advantages for the apparatus include time saving, stock 
saving and better cure information on a wider range of polymeric compounds 
than is obtainable from tensile test methods. In a laboratory where a large 
selection of test instruments is not feasible, the versatility of the apparatus 
described should prove very advantageous. 
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SIMPLE ROTARY DYNAMIC TESTING MACHINE * 
A. N. Gent 


Tue Naturat Rueeer Propucers’ ResearcH ASSOCIATION 
WELWYN GARDEN City, Herts., ENGLAND 


INTRODUCTION 


Kimball and Lovell? measured energy dissipation during cyclic deformation, 
using a test piece in the form of a cantilever rotated about its axis. The method 
has recently been applied by Maxwell’: * to the study of the viscoelastic be- 
havior of polymethy! methacrylate (‘‘Perspex’’), because it enables the dynamic 
mechanical properties to be evaluated very simply for a wide range of de- 
formation frequencies. It has two disadvantages, however. Firstly, the test- 
piece is not uniformly deformed; in fact, the largest strains are imposed in the 
neighborhood of the clamped or bonded faces and, hence, are particularly 
susceptible to inadequate fastening arrangements. The nonuniformity of 
strain is also undesirable when examining materials which show a nonlinear 
dependence of their viscoelastic reactions on the strain amplitude. Secondly, 
the examination of soft materials (for example, vulcanized rubbers) is not 
easily accomplished, because the test specimen consists of a long thin rod which 
may be unable to support its own weight statically, and will whirl or whip at 
relatively low frequencies of rotation. A test machine has therefore been 
devised, and is described below, which imposes a homogeneous deformation on 
a rotating testpiece of a soft material, and permits the ready evaluation of the 
dynamic shear properties. 

It is customary to describe the behavior of viscoelastic materials under 
linear simple harmonic deformations by a complex shear modulus having real 
(n’) and imaginary (n’’) components. The experimental measurements 
described in a later section for a test piece of vulcanized butyl rubber are ex- 
pressed in terms of the real component n’ and the damping factor d, or ratio 
n/n’. The latter quantity is alternatively described as the tangent of the 
angle 6 of mechanical loss. 


EXPERIMENTAL ARRANGEMENT 


The apparatus is shown diagrammatically in Figure 1. The testpiece 
consists of a pair of rubber cylinders R bonded on their plane faces to metal 
endpieces. The rubber cylinders are disposed on a common axis, with the 
inner metal endpieces fastened rigidly together to form the composite testpiece. 
The outer metal endpieces are secured in double ball races so that the testpiece 
may rotate freely about its axis, the rotation being imposed by a belt drive from 
a variable-speed motor. The central endpieces are surrounded by a ball race 
to the outer casing of which weights are applied, thus producing a vertical 
movement at right-angles to the axis of rotation. The two rubber cylinders 
are thus subjected to a simple shear deformation, the direction of which is 
continuously rotated. 


* Reprinted from the British Journal of Applied Physics, vol. 11, pages 165-167, April 1960. 
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Elevation 


Plan 


Fic. 1.—Experimental arrangement. 


The central ball-race assembly moves spontaneously out of alignment, by 
a horizontal displacement perpendicular to the axis of rotation. This dis- 
placement is caused by energy dissipation in the rubber cylinders. By means 
of a calibrated helical spring S the magnitude of the horizontal force F2 neces- 
sary to restore the central assembly to its original position in the horizontal 
plane may be determined. This constitutes one of the experimentally-observed 
quantities; the other is the magnitude of the vertical deflexion ¢€ of the central 
assembly under the imposed vertical force F). 


DETERMINATION OF rn’ AND d 


The rotating shear displacement to which the rubber cylinders are subjected 
may be resolved into two linear, mutually perpendicular, simple harmonic 
motions: 

zr = esin pt 
y = esin (pt + 3m) 


where p is the rotation velocity. The corresponding sinusoidally-varying 

forces are readily calculated. They are found to constitute a rotating force 

which leads the rotating displacement ¢ by an angle 6(equal to tan~'d), and is 

of magnitude A(n’ + n’)"%e, where A is the geometrical constant for the 

testpiece. (A is given by 2rr?/h for two cylinders of radius r and thickness h.) 
The force component F; in phase with the displacement is, therefore: 


F, = An’e 
and the component F2, perpendicular to it, is given by: 
F, = dF, 


The dynamic shear properties n’ and d are therefore simple functions of the 
experimentally-observed quantities. 
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tO 


Fic. 2.—Experimental relations between F: and F; at two periods 
of revolution, 1.3 and 3.0 seconds. 


EXPERIMENTAL RESULTS 


In Figure 2, measured values of the horizontal force F2 necessary to restore 
the central assembly to its initial position horizontally are plotted against the 
corresponding values of the imposed vertical force F, for two rates of rotation, 
for testpieces of a butyl rubber vulcanizate. The rubber cylinders were 1.27 
cm in radius and 0.635 cm thick. The mix-formulation and vulcanization 
conditions are described in the Appendix. The periods of revolution were 1.3 
and 3.0 seconds. 

Linear relations are seen to apply, within the experimental error, and from 
the slopes, values of the damping factor d of 0.186 and 0.179 respectively are 
obtained. Linear relations were also obtained between the vertical deflection « 
and the applied vertical load F;. From the slopes, values of the shear modulus 
n’ were calculated at a number of different periods of revolution. The values 
obtained, corrected for the small bending contribution (about 3%) with test- 
pieces of the present dimensions‘, are given in Table I. 

Measurements were also made of the decay of torsional oscillations in the 
same testpieces. A large inertia beam was attached to one metal endpiece 
at right-angles to the axis of the testpiece and set swinging, the other metal 
endpiece being rigidly clamped. The oscillations were observed by means of 
a lamp and scale, and were found to decay logarithmically, as is shown in 
Figure 3, where a representative plot of the double amplitude of swing against 


DyNAMic SHEAR PROPERTIES FROM (a) Rotary MACHINE 
AND (b) TorRSIONAL OSCILLATIONS 


b 


A 


n 
(kg/cm?) 


3.43 
3.38 


3.52 
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the number of swings is portrayed. Values of the damping factor d were 
calculated from the slope of similar linear relations for a number of values of 
the period of oscillation, varied by suitably adjusting the inertia of the swinging 
beam. The values obtained are given in the table, together with the corre- 
sponding values of the shear modulus n’, calculated from the measured period of 
vibration, the moment of inertia and the testpiece dimensions. 

The free-vibration measurements are seen to be in good agreement with 
the rotary-machine observations, over the restricted range of frequencies 
practicable with the former system. The values obtained for d are closely 
similar to those obtained by means of the rotary machine, at corresponding 
periods of revolution. The values of n’ are similar to, but slightly larger than, 
the corresponding rotary-machine determinations. This may be due to in- 
accuracy in determining the testpiece dimensions—particularly the radius, 
which enters the calculation of torsional stiffness to the fourth power—or to 
slight yielding of the ball-race grips, which would contribute to the observed 
deflections with the rotary machine. 


DISCUSSION 


It has been commonly assumed that the energy dissipated in one deforma- 
tion cycle is a constant, or substantially constant, fraction of the maximum 
energy stored in the material during the deformation. This conception leads 
to anomalies when the deformation cycle does not contain the origin, that is, 
when a deformed rubber is subjected to a deformation cycle about its deformed 
state®. Greenwood and Tabor’, in considering energy dissipation during com- 
plex deformation cycles, have suggested that energy may be dissipated even 
when the elastically-stored energy is held constant. 

The rotary machine described imposes a simple shear of constant amount, 
but the direction of which is continuously rotated. The elastically stored 
energy is, of course, unchanged on rotation. The existence of the force F2, 
and the energy dissipation it reflects, therefore constitutes an effective sub- 
stantiation of Greenwood and Tabor’s hypothesis. 

Other deformation cycles can be envisaged which have a maximum stored 
energy equal to the (constant) value in the present one. The amount of 
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Fia, 3.—Decay of torsional oaci!lations. 
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energy dissipated per cycle may well differ, however. For example, in a simple 
shear oscillation, the energy dissipated per cycle is rAn’’e*, whereas a rotating 
shear of the same amount gives rise to an out-of-phase force F2 (equal to An’’e) 
acting over a distance 27e per cycle, and hence an energy dissipation per cycle 
of 2rAn’’e’—twice the former amount. The concept of a constant fractional 
energy loss is, therefore, untenable. 

No attempt has been made to determine the range of conditions which may 
be employed with the rotary machine. It seems clear, however, that the 
absence of reciprocating members and substantial moving parts should permit 
a relatively large frequency range to be examined. The inherent simplicity 
of operation and the ease with which the shear properties can be derived should 
also make the method suitable for general application. 


SUMMARY 


A test machine is described for determining the dynamic shear properties 
of rubberlike materials. It imposes a simple shear deformation, the direction 
of which is continuously rotated. The observations are easily made, and en- 
able the dynamic shear modulus and damping factor to be determined rapidly ; 
moreover, a relatively wide frequency range seems feasible. The instrument 
therefore appears suitable for general application. Measurements on a soft 
butyl rubber vulcanizate are described and compared with observations of free 
torsional oscillations. Good agreement is obtained. 

The testpiece is subjected to a rotating shear of constant amplitude, and 
hence the elastically-stored energy is held constant. The observed energy 
dissipation therefore confirms a hypothesis of Greenwood and Tabor', that 


dissipation may occur under such conditions, and indicates the limitations of 
the ‘“‘hysteresis” concept that the dissipated energy is a constant fraction of the 
elastically-stored energy. 


APPENDIX 
PREPARATION OF THE TESTPIECES 


The mix employed had the following composition in parts by weight: butyl 
rubber (Polysar Butyl 400) 100, zine oxide 5, stearic acid 1, tetramethyl 
thiuram disulfide 4. Vulcanization was effected by heating for 50 min at 
140° C. 
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ACCELERATION BY THIOUREA AND RELATED 
COMPOUNDS OF THE TETRAMETHYL- 
THIURAM DISULFIDE VULCANIZATION 

OF NATURAL RUBBER 


C. G. Moors, B. Savitte anp A. A. Watson 


Tue Natura, Russer Provucers ReskarcH AssociaTION 
Wetwyn Garpen City, Hearts., ENGLAND 


It has recently been discovered that thiourea and certain of its N-deriva- 
tives! and chemically related compounds’, accelerate the vulcanization of 
natural rubber (NR) by tetramethylthiuram disulfide (TMTD)-zine oxide 
combinations to such an extent that excellent vulcanizates can be produced at 
100° C or lower. 

A reasonable explanation of this acceleration is now offered, based on a 
theory of vulcanization by TMTD and related ‘‘sulfurless” curing systems 
currently being developed here. This theory recognizes the importance of 
polysulfidic intermediates (1, m > 2), formed during the vulcanization process, 
which subsequently react with the polyisoprene to yield further intermediates 
(11) which finally react to yield sulfurated crosslinks. 

The process is broadly schematized as follows: 


ZnO 
(m — 1) XSSX ———> 


ax 2 
X—S,—X + {(XO),Zn + (XS)Zn} (1) 
(1) 


ZnO 
RH + X—S,,—X ———> 
+ '/2 [(XS).Zn + H.O} (2a) 
(II) 


ZnO 
RH + R—S,,_.—X 


R—Sn-2—R + '/2 {(XS).Zn + H,O} (2b) 


where X = Me.N-C(:S)—; RH = rubber hydrocarbon. 

Since the crosslinking reaction (2b) follows from the products of reaction 
(2a) which itself requires the thiuram polysulfides (I) produced in reaction (1), 
it follows that any acceleration of the latter must lead also to a corresponding 
increase in overall vulcanization rate. 

The accelerative effect of thiourea is attributed to its interaction with 
TMTD offering, under the prevailing basic reaction conditions, a particularly 
easy route for the formation of thiuram polysulfides (1). This view is perhaps 
more clearly understood if we inspect the mechanism of polysulfide formation 
in a simple TMTD-zine oxide reaction. 
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Recent fundamental studies’ on the reactivity of basic oxy-anion type 
nucleophils suggest that oxygen atoms of zinc oxide prefer to attack the thio- 
carbamyl carbon atoms of TMTD causing the following polar substitution: 


.. X—SSX ——> 


+ §SX (3) 
Reaction (3) yields a perthioanion (XSS) which will rapidly effect the heterolysis 
of an S—S bond in another TMTD molecule to give the trisulfide (III): 


s—S——> XSSSX + 5x (4) 
= (III) 


Participation of (III) in processes similar to (3) and (4) will lead to the forma- 
tion of higher polysulfides (I, m > 4). It is believed that the slow steps in this 
propagation of thiuram polysulfides are reactions, exemplified by (3) above, in 
which the perthioanions are released during relatively difficult X—S bond 
fissions. If thiourea is added to the system it will engage in a thioanion— 
disulfide interchange reaction of the type: 


+ + 
H,N H.N 
NN 
- §—S C—SSX + §X (5) 


(IV) 


to give a supply of (IV) which would lose a proton to a suitable base and thence 
decompose rapidly to a perthioanion: 


H,N 
2B + + C+5Sx (6) 
H,) 


where B = base. 

Thus the relatively easy processes (5) and (6) lead to a rapid production of 
perthioanion precursors of the thiuram polysulfides required in the ultimate 
crosslinking reactions. Our contentions as to the ease of reactions such as 
(6) gain support both from the early observations of Werner‘ that dithio- 
formamidinium salts readily eliminate sulfur on treatment with aqueous sodium 
acetate, or on boiling with water, and from our own unpublished experiments 
which show that although TMTD slowly gives sulfur (ca. 0.7 g atoms S per g 
mole TMTD) on refluxing with excess sodium methoxide solution, the addition 
of thiourea results in an immediate liberation of sulfur. 

On the basis of the present theory it is predicted that easy production of 
perthioanions (X5,) and hence polysulfides and a consequent acceleration of 
vulcanization in the NR-TMTD-Zn0 system will result upon the addition 
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to the system of any thioanion (R’S) wherein the group R’ is more susceptible 
than X to nucleophilic attack by bases: 


R'SSX + SX ete. (7) 


+ 
B: R’—SSX ———> BR + SSX ete. (8) 


Polysulfides (1) 


Reaction (7) will be promoted by the removal of R’SSX by reaction (8) 
and SX as Zn (SX)o. The requirement for acceleration, namely that R’ is 
attacked more readily than X by basic nucleophils, is fulfilled in the case of 


thiourea (R’ = HyN:C-NHbe, easy N-proton removal) but not in its N,N’- 


tetraalkyl derivatives (R’ = MesN:C-NMez). The anions of thioacetic acid 


(R’ = MeCO) which have a marked accelerative effect also meet the theoretical 
requirement. Conversely, one would expect retardation of vulcanization 
where the group R’ is less reactive towards basic nucleophils than is the thio- 
carbamyl center, X. This has recently been demonstrated by Swift® who has 
shown, first, that the rate of crosslinking in a NR-TMTD-Zn0O system is 
decreased when mercaptobenzthiazole 


(R’ 


is included, and second, that there is complete inhibition of cure when naph- 
thalene-2-thiol is added to the system. 
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STANDARD MATERIALS FOR RUBBER 
COMPOUNDING * 


FranNK L. anp Rosert D. STIEHLER 


NaTIONAL BUREAU OF STANDARDS, WASHINGTON 25, D. C. 


When the synthetic rubber plants began operation in 1943, the Government 
took steps to establish a system of quality control that would assure that the 
rubber produced in 16 plants had essentially the same properties and could 
be used interchangeably by the manufacturers of rubber products. The most 
important characteristic for quality control was the curing behavior of the 
rubber. The measurement of this behavior required mixing the rubber with 
compounding ingredients, vulcanizing the mixed compound for several periods 
of time, and measuring the tensile properties of the vulcanizates. 

Early interlaboratory tests led the Government to an extensive standardiza- 
tion program in order to achieve the necessary quality control of production. 
In this program, it became obvious that the compounding ingredients as well 
as the methods of mixing, curing, and testing required standardization. There- 
fore, in 1944, the Rubber Reserve Co. established standard compounding in- 
gredients for testing synthetic rubbers. The first standards were commercial 
lots set aside and distributed by their suppliers, and consisted of five materials. 
By 1946 a total of 14 standards had been established. 

The Office of Rubber Reserve soon recognized that the establishment of 
suitable standards was a difficult technical problem and called on the National 
Bureau of Standards for assistance. Finally, in 1948 this Office requested 
NBS to assume responsibility for these standards. Shortly thereafter, ASTM 
Committee D-11 appointed a special subcommittee on standard materials, the 
forerunner of Subcommittee 29 on Compounding Ingredients. This Subcom- 
mittee requested the establishment of about 20 standard compounding ma- 
terials which included the standards required for the synthetic rubber program. 
The National Bureau of Standards has now available 17 of these materials, 
including three standard rubbers. 


CRITERIA FOR STANDARDS 


A satisfactory standard for rubber compounding must fulfill the following 
requirements: It must be uniform throughout the lot. It must not change 
appreciably before use. Successive lots of the standard should have the same 
characteristics for the intended use. 

By 1947, it was evident that many of the 14 materials established as 
standards by the Rubber Reserve Co. did not meet these requirements and that 
a reappraisal of the test formulations was necessary. After an extensive study, 
the formulations for testing synthetic rubbers were simplified and six of the 14 
materials were eliminated. Experience had shown by this time that it is very 
difficult to reproduce the lower commercial grades used in the rubber industry 


* Reprinted from Proceedings of International Rubber Conference, Washington, D. C., November 1959, 
pages 232-236. 
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because of the many active impurities present. Therefore, many of the 
standards were replaced when the formulations were changed. The highest 
purity materials commercially available were selected for these replacements. 
Even the small amount of impurity in the best commercial grades has given 
considerable difficulty in reproducing lots of some standards. 

The original standards were distributed in the customary commercial con- 
tainers, which were paper bags in some instances. It was found that some 
materials packaged in this manner changed irreversibly during storage and 
could not be used after a short time. Therefore, the decision was made to 
package the compounding ingredients in air-tight metal containers. However, 
it is not expedient to package the rubbers in metal containers. They were 
wrapped in polyethylene and packaged in paper bags. 

The stability during storage of the standards and proposed standards is 
being studied. Surveillance of the established standards is maintained to 
determine when appreciable change in their characteristics has occurred. 
Portions of the various materials are being stored under four different tem- 
perature conditions ranging from —20° to +40° C and periodic tests are being 
made. Among the NBS Standards for Rubber Compounding, the only change 
noted is a slight increase in Mooney viscosity of one of the styrene-butadiene 
rubbers, SBR-1500. On the other hand, studies made on materials proposed 
for use as standards indicate that many of the materials used in the rubber 
industry are not sufficiently stable for this purpose. 


PROCUREMENT OF MATERIALS 


Replacement lots are purchased on the basis of specifications for composition 
and performance in rubber compounds. The specifications for composition are 
given in Appendix A. Tests are made to determine that the material complies 
with these specifications, but no attempt is made to certify the actual com- 
position. The uniformity of the lot and its suitability for a standard are 
judged by its performance in a standard rubber compound. In some cases 
several lots have to be tested before a suitable material is obtained. 

Materials for the standards have been procured through the issuance of bid 
invitations to prospective suppliers in accordance with regular Government 
practices. Thus, successive lots of a standard have frequently been purchased 
from different suppliers. Each new supplier had to be educated on the strin- 
gent requirements enumerated above for a standard. All the suppliers have 
been cooperative, and have been able to furnish a satisfactory lot in most 
instances, 


SAMPLING AND TESTING 


In the case of replacement lots of compounding ingredients, several portions 
are selected at random from the lot prior to packaging. These portions are 
compared with the previous standard of the particular material to ascertain 
their equivalence in a standard rubber compound. Generally, four compounds 
are prepared from each portion and at least four compounds from the previous 
standard. 

The uniformity of the lot is judged from a sample taken during packaging. 
Experience indicates that 8 to 13 portions selected at predetermined periodic 
intervals give a suitable sample. Each portion is tested separately in a 
standard rubber compound. In order to eliminate small errors attributable 
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to the sequence or day in which the compounds are mixed, a statistical design 
similar to those given in Appendix B is used. 

The rubber compounds are prepared in accordance with the appropriate 
standard formulation and mixing procedure in ASTM Designation D 15. The 
compounds are mixed on a mill having rolls specially designed to maintain their 
surface temperature constant within 2 Celsius degrees'. All operations are 
conducted in a room conditioned at 23° + 1° C and between 35 and 40% 
relative humidity. 

The viscometer cure characteristics of the compound are determined at 
either 125° or 150° C, between 2 and 4 hours after mixing by the procedure 
described in ASTM Designation D 1077. In addition to the time of incipient 
cure (ts), the time required for the viscosity to increase from 5 to 35 ML points 
above the minimum is recorded as the cure index (At). The parameter At is 
inversely related to the rate of cure. 

Vuleanizates approximately 15 X 15 x 0.2 cm are prepared in accordance 
with ASTM Designation D 15 using a chromium-plated, four-cavity mold 
machined directly in the hot plates of the press. The press is equipped with a 
special temperature controller which maintains the temperature of the plates 
constant within 0.1 Celsius degree. This equipment produces vulcanizates 
that are uniform in thickness within 0.02 mm. 

The following tests are made on the vulcanizates: 


Test ASTM Procedure 
Strain under a fixed load 57T 
Stress at a fixed elongation 412-51T 
Stress at failure 
Elongation at failure 
Electrical resistivity * 991-48T ** 


* Measured only on compounds containing carbon black. 
** Modified as described by McKinney and Roth?, 


ANALYSIS OF RESULTS 


A statistical analysis is made of the results for each property. A typical 
analysis is given in Appendix B for the viscometer cure results obtained with 
standard sample 371c of sulfur. The several analyses are examined for trends 
or other evidence of nonuniformity in the material. The results for most 
standards for rubber compounding show no evidence of heterogeneity in their 
effect on vulcanization characteristics. In the few instances in which some 
heterogeneity has been observed, either the variability is slight—i.e., not 
significant at the 1% level—the portion of the lot exhibiting the variability is 
not included in the standard sample, the lot is reblended and retested, or a 
new lot is prepared. 

In the case of the rubbers, no attempt is made to reproduce the previous lot 
exactly. Instead, the most probable values and their uncertainties based on a 
confidence coefficient of 95% are determined and issued as a certificate with 
the standard. In calculating the uncertainty limits, allowance is made for 
intrinsic error of test and systematic effects associated with both sequence of 
mixing the compounds and day of mixing. In those instances where there is a 
slight heterogeneity in the material itself, the uncertainty limits also reflect this 
variability. Accordingly, the uncertainties given in the certificates for the 
rubbers are generally larger than would be indicated by the intrinsic error of 
test which is used to judge the uniformity of the lot. 
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PROBLEMS ENCOUNTERED IN ESTABLISHING STANDARD MATERIALS 


(The NBS Standard Sample No. precedes the name of the following 
standard materials.) 


370 Zine oxide.—The original standard established by the Rubber Reserve 
Co. was made by the American process. Attempts to reproduce the material 
were not successful. In 1948, a high-purity zine oxide made by the French 
process was chosen for the standard. No difficulty has been encountered in 
reproducing this material. 


371 Sulfur —aA distilled product of high purity has been used for the 
standard. There has been no difficulty in reproducing it. 


372 Stearic acid.—The original material chosen for the standard was the 
highest quality available at the time. It contained some impurities that had a 
pronounced influence on the vulcanizates of rubber compounds. It was not 
possible to reproduce the original standard. A distilled stearic acid of low 
iodine number which is equivalent in rubber to C. P. stearic acid was therefore 
chosen for the standard. This high quality material has been reproduced 
twice without difficulty. 


373 Benzothiazyl disulfide——A commercial material is used for the standard. 
Although the original standard has been reproduced twice, testing of many 
lots is required to obtain one satisfactory for the standard. 


374 Tetramethylthiuram disulfide——The standard is a commercial material 
that has been reproduced once after testing a number of lots. 


375 Channel black.—This standard has been reproduced several times, but 
only after testing many lots. The several lots have had detectable differences 
among them, but the differences have been small enough so that they could be 
used for specification testing. Special blending of the lot has been necessary 
to attain the desired uniformity. 


376 Magnesia.—The original Rubber Reserve Co. standard has been re- 
placed with a lot having an appreciably different effect in polychloroprene. 
It has also been difficult to obtain a uniform lot of this material. 


377-883.—The original lot established for each of these standards (see 
Appendix A) is still being furnished. Consequently, the problems involved in 
replacing them are still unknown. 


385 Natural rubber.—Extensive investigations during the past 10 years 
were conducted to obtain a uniform lot of rubber having the desired properties. 
Liberian crepe produced under carefully controlled conditions was finally 
selected for this standard. The rubber was produced on two days. There 
was a slight difference between the two lots of rubber, but each lot was uniform 
within itself. Accordingly, the lots have been individually certified. 


386 SBR-1500.—Replacement lots of styrene-butadiene rubber, type 1500, 
have been similar even though no attempt was made to reproduce the original 
exactly. There has been some difficulty in attaining the desired uniformity 
within the lot. The Mooney viscosity of this material has also changed slightly 
during storage. 
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387 SBR-1000.—This standard is more stable than SBR-1500, but. is 
comparable in uniformity. 


CONCLUSIONS 


The standards for rubber compounding have been useful in the standardiza- 
tion of testing in the synthetic rubber plants. Their success in this application 
has resulted in their use by other rubber laboratories. However, the establish- 
ment of these standards has been and continues to be a difficult technical! 
problem. The difficulties have been alleviated whenever a_ high-purity 
material has been obtained. 


APPENDIX A 
SPECIFICATIONS FOR COMPOSITIONS OF STANDARDS 


370 Zinc oxide.—This standard conforms to the requirements of the Ameri- 
can Chemical Society for reagent grade zinc oxide and has a surface area of 
approximately 3 square meters per gram. 


371 Sulfur.—This standard is a distilled sulfur conforming to the following 
requirements : 


Purity 99.90% minimum 
Loss at 100° C 0.05% maximum 
Ash 0.02% maximum 


Insolubles in CS. 


Insolubles in benzene 


Organic material 
Acidity as H.SO, 


0.10% maximum 
0.10% maximum 
0.05% maximum 
0.005% maximum 


state 
hrough 100-mesh sieve 100% 
Through 200-mesh sieve 90 to 95% 


372 Stearic acid.—This standard is a distilled stearie acid conforming to the 
following requirements : 


Titer (solidification point) 65° C minimum 
Iodine number 2 maximum 
Loss at 105° C 0.5% maximum 
Ash 0.1% maximum 
Acid number 195 to 199 
Mineral acid none 

Fat, unsaponifiable, and insoluble material 0.5% maximum 
Physical state Flake or powder 


373 Benzothiazyl disulfide—This standard conforms to the following re- 
quirements : 


Benzothiazy! disulfide 93. 
Mercaptobenzothiazol 


0% minimum 
0.5 
Moisture 0.5 
0.7 
2.0 


% 
to 0.75% 


Ash % maximum 
Mineral oil % 

Zinc soap 2.0% maximum 
Melting point 165° C maximum 
Physical state 


Through 100-mesh sieve 99.9% minimum 
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374 Tetramethylthiuram disulfide —This standard conforms to the following 
requirements : 


Moisture 0.05% maximum 
Ash 0.10% maximum 
Insolubles in CHC; 0.15% maximum 
Melting point 163° C minimum 
Physical state 

Through 100-mesh sieve 100% 


375 Channel black.—This standard conforms to the following requirements : 


Loss at 100° C 2.00% maximum 
Ash at 550°C 0.15% maximum 
Physical state 
Retained on 325-mesh sieve 0.10% maximum 
Retained on 30-mesh sieve 0.001% maximum 


376 Light magnesia.—This standard conforms to the following requirements : 


Magnesium oxide 91.0% minimum 
Loss on ignition 7.0% maximum 
Calcium oxide 1.0% maximum 
Water solubles 1.0% maximum 
Acid insolubles 0.4% maximum 
Fe,O; and Al,O; 0.1% maximum 
Manganese 0.004% maximum 
Density 101b/eu ft maximum 
Physical state 

Retained on 325-mesh sieve 0.1% maximum 


377 Phenyl-beta-naphthylamine.—This standard is distilled phenyl-beta- 
naphthylamine conforming to the following requirements: 


Phenyl-beta-naphthylamine 99.25% minimum 
Loss at 105° C 0.25% maximum 
Ash 0.25% maximum 
Beta-naphthol 0.10% maximum 
Benzene insolubles 0.10% maximum 
Melting point 107° C minimum 
Physical state 

Retained on 100-mesh sieve 0.10% maximum 


378 Oil furnace black.—This standard conforms to the following require- 
ments: 


Loss at 100° C 1.0% maximum 
Ash at 550° C 0.5% maximum 
Physical state 
Retained on 325-mesh sieve 0.1% maximum 
Retained on 30-mesh sieve 0.005% maximum 


379-882. 379 Conducting black, 380 Calcium carbonate, 381 Calcium silicate, 
and 382 Gas furnace black.—These standards are commercial materials supplied 
through ASTM Committee D-11 so that no requirements for composition have 
been established. 
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383 Mercaptobenzothiazole.—This standard conforms to the following 
requirements: 


Mercaptobenzothiazole 99.0% minimum 
Moisture 0.3% maximum 
Ash 0.3% maximum 


Melting point 179° C minimum 
Physical state 


tained on 100-mesh sieve 0.1% maximum 


385 Natural Rubber—This standard conforms to the following 
requirements : 


Rubber hydrocarbon 92.0% minimum 
Volatile matter 0.5% maximum 
Ash 0.5% maximum 
Dirt (retained on 325-mesh sieve) 0.05% maximum 
Copper 0.0004% maximum 
Manganese 0.0005% maximum 


386 SBR-1500.—This standard conforms to the following requirements: 


Volatile matter 0.75% maximum 
1.50% maximum 
5.00 to 7.25% 
0.50% maximum 

Stabilizer 1.00 to 1.75% 

Bound styrene 22.5 to 24.5% 


387 SBR-1000.—This standard conforms to the following requirements : 


Volatile matter 0.50% maximum 
Ash 1.50% maximum 
Fatty acid 4.00 to 6.25% 
Soap 0.75% maximum 
Stabilizer 1.00 to 1.75% 
Bound styrene 22.5 to 24.5% 


APPENDIX B 
DESIGN FOR VULCANIZATION TESTS 


The design of test selected for determining the uniformity of a standard for 
rubber compounding with respect to the vulcanization characteristics of the 
rubber compound depends on the number of portions comprising the sample, 
which usually is between 8 and 13. Further, the design must accommodate 
tests in groups of four because four compounds are vulcanized simultaneously. 
Also, experience indicates that four compounds should be prepared from each 
portion in the sample in order to attain the desired precision for evaluating 
the standard. The following designs fulfill these requirements : 


Sample size Ref. Design* 


8 (3) page 142, design Sr 7 
( (3) page 186, design R 8 
10 (3) page 232, design T 12 

11 None available 
12 (3) page 188, design R 15 
13 (4) page 145, table 13.6 


These publications give instructions for analyzing these designs. 
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For illustration, the following design was used recently to evaluate NBS 
Standard Sample 371c of sulfur: 
Order Day of mixing 


0 
mixing 4 ] k 


B 6 
C j y : 11 
D y 10 12 5 11 


The numerals correspond to the twelve portions in the order in which they 
were taken from the lot. The following table lists the times in minutes for 


incipient cure, fs, measured in the Mooney viscometer at 150° C. 


Portion \ + B ; Observed mean 


8.26b 8.78¢ 8.482 
8.45h 8.57n AD: 8.515 
8.60n 8.39b ed 8.432 
8.452 8.49¢ 46 8.470 
8.281 8.45a 00K 8.482 
8.58m 8.58k 8.550 
8.58k 8.52h ATi 8.532 
8.25d 8.361 8.405 
8.23¢ 8.45m 8.448 
8.40¢ 8.472 
8.52g¢ 8.52f 8.540 
8.33e 8.56d le 8.450 


8.482 


ON 


— 


te 


An analysis of variance following the procedure given in Table 1.0 (Ref. 3, 
page 5) gives the following results: 


Source of variation Degrees of freedom Sum of squares Mean square 
Portions il 0.0936 0.0085 
Days 0.2000 0.0182 
Order 3 0.0987 0.0329 
Error 2% 0.2663 0.0121 


The mean square for portions is less than that for error indicating no 
detectable difference among portions. The mean square for error corresponds 
to a standard deviation for a single measurement of 0.11 minute. The vari- 
ability arising from day and order is small so that this design of test offers no 
advantage over a completely random design in this instance. Frequently, 
there is an appreciable variability arising from day and order. In such cases, 
the above designs have advantages in detecting heterogeneity in the lot. 

The following tabulation lists the mean squares for portions and error 
calculated from the results for the various tests, and the minimum and maxi- 
mum means for the 12 portions corrected for day effects. 
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Mean square Portions 
A. A 


Tests “ Portion Error Min. Max. 
Incipient cure, ¢;, min 0.0085 0.0121 8.37 8.55 


Cure index, t;5—¢s, min 0.0052 i 3.08 3.23 
Strain at 400 psi, % 
15-min cure 7 300 309 
30-min cure 3.25 2: 170 172 
60-min cure 141 143 


Stress at 300%, psi 
15-min cure 36: 467 516 
30-min cure ) 1169 1200 
60-min cure 55 1557 1585 


Stress at failure, psi 


30-min cure 27: 4333 
Elongation at failure, % 
30-min cure : c 640 


Resistivity, megohm-cm 
60-min cure 54 59 71 


* This value is significantly greater than that for error. However, the error mean square usually 
obtained for this compound is above 2. Further, there is no evidence of any trend in the portions. In 
view of no other evidence of heterogeneity, it is concluded that the lot of sulfur i is uniform. 
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VOLATILIZATION OF PHENYL-2-NAPHTHYLAMINE 
FROM RUBBER * 


L. G. Ancrert, A. I. ZENCHENKO AND A. S. Kuzminskti 


Screntiric Researcu INsTiITUTE OF THE RUBBER INDUSTRY, Moscow 


Some of the ingredients present in polymers may evaporate (or volatilize) 
under vacuum or by the action of heat. Volatilization of ingredients occurs 
during treatment of polymers at high temperatures, during curing of rubber 
goods in pans, during accelerated thermal aging of polymeric materials in 
thermostats, and from certain articles in use. The loss of ingredients increases 
with the free volume in which the polymer is present. Softeners, plasticizers, 
antioxidants, and free sulfur readily volatilize from various rubbers. 

Volatilization of the most important ingredients present in polymeric ma- 
terials has an adverse effect on their main physicochemical and mechanical 
properties, and their performance deteriorates accordingly. Moreover, 
volatilization of ingredients is accompanied by their migration from one 
polymer material into another when different materials are aged together in 
thermostats, and this leads to erroneous estimates of their heat stability’. 

Much information on the subject of migration has been published by ISO*. 
Until recently volatilization of various additives from polymers has not been 
studied widely enough from the scientific aspect. The only process to be 
studied in any detail was volatilization of plasticizers from plastics under 
atmospheric pressure and under vacuum’. 

The present investigation was undertaken in order to establish the em- 
pirical relationships which characterize the behavior of ingredients in raw and 
cured rubbers under various conditions, and for a theoretical examination of the 
problem. 

In these investigations the volatilization of antioxidant from a rubber slab 
heated in a stream of gas was studied. The antioxidant was phenyl-2-naph- 
thylamine. 


Fic. 1.—Apparatus for studying the kinetics of in ient volatilization from raw and curedfrubbers 
in a current of gas: 1) Horizontal tubular furnace; 2) of raw or cured rubber; 3) glass tube, d =}18 mm; 
4) Dewar flask; 6) detachable trap. 


* Translated from Kolloidnyi Zhurnal, Vol. 22, pp. 2-8, January-February, 1960 and reprinted from the 
Colloid Journal 22, pages 1 to 7 1960. 
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The investigation procedure was as follows: Sodium butadiene rubber 
(SKB without antioxidant) was mixed on a micro roll mill with phenyl-2- 
naphthylamine; plates of the required thickness were molded from the resultant 
mix at 70°. The antioxidant was volatilized from rubber slabs of standard 
surface area (150 X 10 mm) in glass tubes 18 mm in diameter; the rubber 
specimens were placed on glass supports. The tube was placed in a horizontal 
tubular surface heated by silicone fluid circulated from a Wobser thermostat 
(Figure 1). A current of nitrogen passing through the tube removed the anti- 
oxidant vapor from the heated part of the tube into an attached trap immersed 


oy, 


2 6 & 3 3 4 
Heating time, hours 


Fic, 2.—Kinetics of volatilization of phenyl- Coneeiine from SKB 
at various temperatures: /) 150°; 2) 140°; 3) 130°; 4) 120°. 


in freezing mixture. The antioxidant condensed in the trap and was estimated 
quantitatively by a colorimetric method. Volatilization was studied at tem- 
peratures above 100°. 

Volatilization of the ingredient may depend both on the characteristics of 
the test specimen (plate thickness, initial concentration of ingredient in the 
specimen, etc.) and on the experimental conditions (temperature, velocity of 
the nitrogen stream, etc.). 

Accordingly, the investigation consisted of determinations of the process 
kinetics in relation to the above-named factors. 

Figure 2 represents the kinetics of volatilization of phenyl-2-naphthylamine 
(initial concentration 2%) from a slab of SKB 1.35 mm thick in a current of 
nitrogen flowing at 140 ml/minute at various temperatures. The curves are 
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Fic. 3.—Effect of temperature on the rate constant A of volatilization 
of phenyl-2-naphthylamine from SKB. 


satisfactorily represented by the expression: 


l—e (1) 
where c is the amount of ingredient lost at time ¢, as per cent by weight of 
rubber; co is the initial content of ingredient in the rubber, in ©% by weight; 
K is a constant. 


108 (2) 
28 


24 


0 b mm 


Fic. 4.—Effect of slab thickness on the rate constant of volatilization of phenyl-2-naphthylamine 
at 140° and nitrogen velocity 140 ml/min. 
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Differentiation of Equation (1) with respect to t gives an expression for the 
rate of volatilization: 
de 


v — = Ke 


where c; is the amount of ingredient present in the rubber at time ¢, as per cent 
by weight of rubber. 

This expression corresponds to the equation for a reaction of the first order, 
and accordingly the constant K is the volatilization rate constant. The values 
of K for different temperatures were calculated by rectification of the corre- 
sponding kinetic curves in In (1 — c/co) — ¢ coordinates and calculation of the 
slopes of the straight lines so obtained. The effect of temperature on the 
volatilization rate constant is represented in Figure 3. The activation energy 
of the process was found to be 14 kcal/mole. 

The relationship between the volatilization rate and slab thickness was 
studied for specimens of R from 0.45 to 2.65 mm. The results show (Figure 3, 
Curve 1) that the volatilization rate drops sharply with increasing plate thick- 
ness. The constant K is inversely proportional to the slab thickness (Figure 4, 
Curve 2). 

For studies of the influence of the initial antioxidant concentration on its 
rate of volatilization from rubber, slabs in which the antioxidant concentration 
was varied from 0.3 to 1.5% were used. The relationship between the volatil- 
ization rate constant and the initial concentration of the ingredient in this 
concentration range is linear (Figure 5) and is represented by the equation 


K = K’(1 + aco) (3) 


where a is a constant calculated from the experimental data (the equation is 
valid at c > 0). 

Polymers and rubber products in use are often surrounded by moving air. 
We therefore studied volatilization of phenyl-2-naphthylamine from rubber in a 
current of nitrogen the flow rate of which was varied from 15 to 1000 ml/ minute. 
The results are plotted in Figure 6. It is clear from Figure 6 (Curve 1) that the 
rate of volatilization increases with the flow rate of the nitrogen stream (W). 
Curve 1 is rectified in W/AK — W coordinates (Curve 2), and the relationship 
between K and the gas flow rate can be represented by the following function: 


4 W 
(7) (4) 


l l l l 1 

Q2 G8 2 14 

Fic. 5.—Effect of initial concentration of phenyl-2-naphthylamine on the volatilization 
rate constant at 140° and nitrogen flow rate 140 ml/min. 
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Fic. 6.—Effect of nitrogen flow rate at 140° on the rate constant 
of volatilization of phenyl-2-naphthylamine. 


where b is a constant determined experimentally. 
On the basis of these experimental results, we can write the following ex- 
pression for the volatilization rate constant: 


b+W R 
where F is the activation energy of the volatilization process in kcal/mole; 
K is a constant which depends on the nature of the polymer and ingredient. 

Equations (1) and (5) can be used for finding the amounts of ingredients 
volatilized from different polymers under various conditions. The values of 
Ky and EF for a given system are found experimentally. 

It is likely that these relationships are of the same character in volatilization 
of other ingredients. 

As already noted, the question of volatilization of ingredients from cured 
rubbers, which differ from polymers by the presence of a spatial network, is of 
great practical interest. It was accordingly necessary to study how the 
volatilization process changes in the transition from raw rubber to vulcanizates 
with different densities of the spatial network. 

The vulcanizates were prepared by irradiation of rubber slabs | mm thick 
in TRTs-ZA x-ray tubes for radiochemical] investigations, developed by the 
Institute of Physical Chemistry of the Academy of Sciences, USSR, under 
nominal tube conditions of 80 kv and 200 ma. The density of the vulcanization 
network was characterized by the equilibrium modulus (/,,), the value of 
which varied from 13 to 38 kg/cem?. 

Figure 7 shows that the volatilization rate of phenyl-2-naphthylamine falls 
sharply with increasing density of the spatial network. It follows that in- 
gredients must volatilize much more slowly from cured rubbers than from 
uncured polymers. 

It was also of interest to find how volatilization is influenced by fillers, 
which are essential ingredients of most rubber stocks. 

Figure 8 shows kinetic curves for volatilization of phenyl-2-naphthylamine 
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Fic. 7.—Variations of the volatilization rate constant with the equilibrium modulus 
of the vulcanizate at 130° and nitrogen flow rate 160 ml/min. 


from rubber without filler and from rubber containing channel black and chalk 
in the proportions of 60 weight parts per 100 weight parts of rubber. 

The results show that both fillers reduce the volatilization rate of phenyl-2- 
naphthylamine appreciably, and channel black has a greater decreasing effect 
than chalk. 

The effect of the nature of the polymer on volatilization kinetics was then 
studied. The experiments showed that the volatilization rate of phenyl-2- 
naphthylamine decreases in the following series of polymers: polyethylene 
> fluoroprene rubber > SKB > SKS-30 > SKN-26 > Nairit (Figure 9). 

This series coincides almost completely with the series of polymers in order 
of solubility and heat of solution of phenyl-2-naphthylamine in them‘ *. Ac- 
cordingly, the differences in the rates of volatilization of the antioxidant from 
different polymers may be attributed to mutual influence of the solute and 
polymer molecules, leading to different values of the vapor pressure of pheny!-2- 


Heating time, hours 


Fic. 8.—Kinetics of volatilization of phenyl-2-naphthylamine from SKB at 150° and nitrogen flow 
a ak pine 1) rubber without filler; 2) rubber with 60 wt parts of chalk; 3) rubber with 60 wt parts 
of chan lack. 
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Fic. 9.— Kinetics of volatilization of phenyl-2- rom different polymers at 140° and nitrogen 
flow rate 140 ml/min: 1) Polyethylene; 2) ee -32; _ SKE, 4) SKS-30; 5) SKN-26; 6) Nairit. 


naphthylamine over the polymers. Variations of vapor pressure influence the 
volatilization rate. 

In the light of the modern theory of evaporation of liquids® and of the 
mechanism of diffusion of substances of low molecular weight in polymers* * 
it may be postulated that in general the volatilization of ingredients from 
polymers proceeds in two stages: 1) Diffusion of the substance through the 
slab of polymer, and 2) removal of molecules of the substance from the slab 
surface. 

The first stage of volatilization conforms to Fick’s law 


Oc(z, t) 
dt 


t) 
Ox” 


=D (6) 


where 07c/dz? is the derivative of the concentration gradient ; D is the coefficient 
of diffusion. 

In the second stage the rate of removal of the substance from the surface 
must be proportional to the surface concentration of the substance (c,), or 


dQ _ 
(7) 


where m is a constant. 
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By analogy of diffusion and heat conduction, the volatilization process may 
be represented by the following equation, derived by suitable transformation 
of the equation for heat conduction under analogous conditions’: 


ai(z,é) % 2 sin un 
Co Mn + SIN COS 


where u, = HR cot wu», and H = m/D; c, is the concentration (wt. %) of the 
substance in the slab at a distance z from the covered surface at time ¢; co is 
the initial concentration of the substance (wt %); R is the thickness of the 
slab (em); D is the coefficient of diffusion (cm?/sec). In Equation (8), when 
x is equal to the slab thickness (R), c; is equal to ¢,. 

Substituting the expression for c, into Equation (8) and transforming, we 
have the following expression for the volatilization kinetics 


dQ sin 
dt sin 2u,, 

Ma + 


R?) (9) 


At the same time, it may be assumed that the amount of substance volatil- 
ized (per unit surface) is proportional to its total content in the slab, i.e., 


dQ = Rdc (10) 


Substituting this expression into Equation (9), we have the following 
expression for the volatilization rate: 


d(c/co) _m __ sin 2un 


Bn 


R2) (11) 


It has been shown that in the case of heat transfer the mechanism of the process 
is determined by the value of HR. Thus, when HR < 0.1 the rate is limited 
by the rate of heat loss to the surroundings, which in the case of volatilization 
corresponds to the rate of removal of the substance from the slab surface. 
When 100 > HR > 0.1, the volatilization rate is determined both by the rate 
of heat loss to the surroundings and by the rate of diffusion through the slab. 

By substitution of our experimental data into Equation (11) the value of 
HR can be determined. It was found that in volatilization of phenyl-2- 
naphthylamine from rubber at temperatures above 100° HR <0.1. Hence, 
it may be coneluded that the kinetics of the process is determined by the rate of 
removal of the ingredient from the slab surface. Diffusion of the substance 
in the polymer is not a determining factor under these conditions. At such 
low values of HR sin wu, can be replaced by pa, and u,? by HR. Moreover, in 
this case the first term in the sum of Equation (11) is sufficient. 

With these simplifications we have the following expression for the volatil- 
ization rate: 


d(c/co) _ m 
R 


12 
(12) 


: 
: 
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VOLATILIZATION OF PHENYL-2-NAPHTHYLAMINE 


In the integral form, Equation (12) becomes: 


—=]— e—(m/R)t (13) 
co 


It is easy to see that this equation is analogous to the empirical function 
given above, which represents the kinetic curves for volatilization of ingredients 
[Equation (1)]. This agreement confirms the validity of the foregoing con- 
cepts of the mechanism of volatilization. 


SUMMARY 


1. The rate of volatilization of phenyl-2-naphthylamine from a rubber 
slab depends on the flow rate of gas over the slab, the slab thickness, and 
the initial concentration of the ingredient. The activation energy of the 
volatilization process is 14.0 kcal/mole. 

2. The rate of volatilization of phenyl-2-naphthylamine diminishes in the 
following polymer series: polyethylene > fluoroprene rubber > SKB > SKS- 
30 > SKN-26 > Nairit. 

3. The volatilization rate drops sharply with increase of the density of the 
vulcanization network, and decreases in presence of fillers. 

4. The mechanism postulated for volatilization of ingredients from polymers 
is confirmed by theoretical calculations. 
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ANTIOXIDANT EFFICIENCY OF p-PHENYLENE- 
DIAMINES IN NATURAL RUBBER 
VULCANIZATES * 


O. LorENz AND C. R. Parks 


Researcnw Division, THe Goopyear Tire & Rusper Company, AKRON, 


INTRODUCTION 


In recent years p-phenylenediamines have gained considerable importance 
as antioxidants and antiozonants for elastomers. Three types are widely used : 
N,N’-di-sec-alkyl-, N-sec-alkyl-N’-aryl-, and N,N’-diaryl-p-phenylenediamines. 
The present work is concerned with the antioxidant efficiency of these three 
types of p-phenylenediamines during the oxidation of natural rubber vulcan- 
izates. As the protection of a rubber product, particularly against ozone, 
can be assured only if the additive is not used up rapidly, the consumption of 
the inhibitor during aging is an important consideration. Therefore, special 
emphasis has been placed on the consumption of these diamines during oxida- 
tion. The effect of various experimental conditions on the rate of diamine 
consumption was studied, oxygen absorption being used to follow the oxidation. 


EXPERIMENTAL 


Suitable samples of about 0.6 mm thickness were prepared from the formula- 
tions given in Table I. After vulcanization, the samples were extracted with 
acetone and then chloroform (6 days at room temperature for each) to remove 
unreacted sulfur and accelerator, soluble reaction products of the accelerator, 
and natural antioxidants. The p-phenylenediamines were introduced into the 
vulcanizates by means of a swelling technique. The vulcanizates were swollen 
in a benzene-acetone mixture (4:1 volume) containing the diamine, the amount 
having been previously calculated from swelling measurements. After 72 
hours at room temperature in this solution, the samples were removed, dried 
in vacuo, and stored under nitrogen. The final concentration of the diamine 
was determined by potentiometric titration as described below. 

The following p-phenylenediamines were selected for study: 


N,N’-diphenyl- 


N-phenyl-N’-p-toly]- 
p-phenylenediamine 


N,N’-di-p-tolyl- 
p-phenylenediamine 


wr This pape paper was presented at the Meeting of the Division of Rubber Chemistry of the American 
Chemical Society in Louisville, Kentucky, ty ril 19-21, 1961. Contribution No. 268 from the Research 
Laboratory of the Goodyear Tire & Rub Sompany. 
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N,N’-bis-o-tolyl- 
’p-phenylenediamine 
C—CH— N-isopropyl-N’-phenyl- 
H; 


N,N’-bis(1-methylhepty!)- 
| p-phenylenediamine 
CH; H; 


Oxidation was carried out in pure oxygen at 740 mm pressure in a range of 
80° to 120° C. A volumetric oxygen absorption method was used to determine 
quantitatively the amount of oxygen absorbed'. To study the kinetics of the 
consumption of the diamines, identical samples were oxidized under uniform 
conditions for various times. After oxidation, the samples were extracted with 
acetone at room temperature for six days, the solvent being changed every two 
days. To determine the unconsumed p-phenylenediamine, several methods 
were used’. Dialkyl- and alkyl-aryl-p-phenylenediamines could be determined 
quantitatively by direct potentiometric titration with perchloric acid in non- 
aqueous solvents. 


R R’ R 


| 
+ HClO, ——>| H—N 

H H 
R = alkyl; R’ = aryl 


After the acetone from the acetone extract had been evaporated on a water 
bath, the residue was dissolved in a solvent, usually glacial acetic acid. Diaryl- 
p-phenylenediamines, however, were not basic enough to be titrated satis- 
factorily under these conditions. By the addition of an excess of chloranil to 
the acetic acid solution, these diamines were oxidized to the corresponding 
semiquinones (p-phenylenediaminium cations)’; these gave sharp endpoints 
when titrated with perchloric acid. The stoichiometry of this reaction can be 
described as follows: 


R Cl a 


(HOAc) 
+ HClO, + 4 


Cl Cl 


Clo; +H 


semiquinone 


R = aryl 


If the acetone extract contained the corresponding quinone diimine, this 


| 
RT 
H 
R cl Cl jue 
1 Cl 
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titration furnished the sum of diamine and diimine as long as the diamine was 
in excess. The diimine could be determined by titration without addition of 
chloranil, this titration giving twice the amount of the diimine. 


R 


R 
N N +R —N —=N—R + 2HCIO, ——> 
D 
+ 
2 n—< SN 
Na | 


H H 

Oxidation of the diamines to the diimines by ceric sulfate was also used to 
determine quantitatively the diamine concentration, the amount of ceric sulfate 
consumed being determined potentiometrically. 


R R 
R—N=€__S=N—R + + 2H" 


Some of the quinone diimines were slowly oxidized by further addition of ceric 
sulfate as recognized by a drift of the potential after the equivalence point was 
reached. The oxidation of the quinone diimine, which made the detection of 
the endpoint uncertain, could be avoided in most cases by carrying out the 
oxidation in a two phase system, e.g., water-chlorobenzene. 

To study the direct oxidation of some p-phenylenediamines in the absence 
of rubber, the sample tubes of the oxygen absorption apparatus were charged 
with three 10 ml beakers, each containing about 150 mg of the diamine. The 


TaBLe 
CoMPOUNDING AND CURING 
Compound (1) (2) (3) (4) 


Natural rubber 
(smoked sheet) 100 100 100 100 


HAF black 

Zine oxide 10 
Stearic acid 

Dicumy] peroxide 

Sulfur 


Tetramethylthiuram 
disulfide (TMTD) 


2-(Morpholinothio)- 
benzothiazole 


Dipheny] guanidine 
PQ) 1.20 1.20 


Curing, min/° C 120 min/ 180 min/ 60 min/ 60min/ 120min/ 120 min/ 
150° 135° 135° 135° 135° 135° 


(5) (6) 
50 50 
5 5 5 5 
‘ 3 3 3 3 
1.50 1.50 3 3 
3.60 
075 0.75 
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0.100 2.0 


OXYGEN ABSORBED, 
MILLIMOLES PER GRAM OF RUBBER 


DIAMINE, MILLIMOLES PER GRAM OF RUBBER 


OXIDATION TIME, HOURS 


absorption A and of diphenyl-p-phenylenediamine B 
. Original concentration, 2.0 phr. 


in a TMTD gum vulcanizate at 100 


oxidation was carried out at 90° C, isopropylphenyl-PD and dimethylheptyl- 
PD being molten at this temperature. The amount of oxygen absorbed and 
the amount of diamine consumed were determined in these experiments as a 
function of the oxidation time. Diphenyl-p-phenylenediamine did not react 
with oxygen under these experimental conditions, the amount of oxygen ab- 
sorbed after 500 hours at 100° C being extremely low. The material, however, 
was not molten at this temperature. 


RESULTS 


DIARYL-p-PHENYLENEDIAMINES 


Typical results observed in the presence of diaryl-p-phenylenediamines are 
illustrated in Figure 1 for the oxidation at 100° C of a gum vulcanizate cured 
with tetramethylthiuram disulfide (TMTD) and containing 2 phr of diphenyl- 
p-phenylenediamine (DPPD). In the range we investigated, the oxygen 
absorption curves were generally composed of two stages, a linear oxygen up- 
take and an autocatalytic region, Curve A. No initial stage with a high rate 
of oxygen absorption was observed. It seems reasonable to assume that such 
a region is caused by easily oxidizable nonrubber materials which in this case 
had been previously extracted from the samples. 

The diamine was consumed during the constant rate stage, Curve B, in- 
dicating that this region is controlled by the antioxidant. The decrease in 
diamine concentration was nearly linear down to low concentrations, where 
deviations from linearity were observed. Extrapolation of the linear part to 
zero concentration and comparison of the time OX with the duration of the 
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constant rate stage OY showed that OY was about twice OX. (In faster 
oxidizable vulcanizing systems such as sulfur + DPG, e.g., OY was found to be 
somewhat less than twice OX). A determination of the rate of oxygen uptake 
AO,/At and the rate of diamine (DA) consumption ADA/At allowed us to 
calculate AO./ADA. This ratio gives the number of oxygen molecules ab- 
sorbed per molecule of diamine consumed which was constant in the linear 
range. This ratio was found to be 5-6 and nearly independent of the nature 
of the curing system, the presence of carbon black, the initial concentration of 
the amine, and the oxidation temperature. Since OY was found to be twice 
OX, the total amount of oxygen absorbed during the induction period cor- 
responded to 10-12 times the molar amount of initial diamine concentration. 
That OY is twice OX can be explained by the fact that each diamine molecule 
is able to terminate two oxidation chains. 

The main reaction product of the inhibitor was found to be unextractable 
and probably bound to the rubber. The nitrogen content of the rubber 
samples increased almost correspondingly with the consumption of the diamine. 
The only extractable reaction product formed was the quinone diimine which 
was found in small quantities (up to 3% of the initial amine concentration) 
during the first part of the oxidation. Kuzminskii and coworkers‘ have re- 
ported in a series of papers about the oxidation of butadiene polymers in the 
presence of phenyl-2-naphthylamine. It was established by them that the 
antioxidant was used up and was attached to the rubber molecule. The rate 
of the inhibitor consumption was found to be constant and equal to the rate of 
combination with rubber. At higher initial inhibitor concentrations, a more 
complex situation was observed. 

Figure 2 illustrates the effect of the vulcanizing system on oxygen absorption 


2.0 


SULFUR + 


% OXYGEN 


OXYGEN 
MILLIMOLES PER GRAM OF RUBBER 


OXIDATION TIME, HOURS 


Fic. 2.—Oxygen absorption of different vulcanizates containing 2.60 phr 
of diphenyl-p-phenylenediamine at 100° C. 
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at 100° C. Samples with identical crosslinking density were prepared using 
different curing systems. (Swelling values: 3.9-4.1 grams of benzene per gram 
of rubber network). Two were sulfur-accelerator systems 2-(morpholinothio)- 
benzothiazole and diphenyl guanidine and the third one was a sulfur-free 
tetramethylthiuram disulfide vulcanizate, Table I. To eliminate any effect of 
vulcanization residues and natural inhibitors, the samples were extracted prior 
to introducing the diamine by swelling. All samples contained the same 
initial concentration of DPPD, namely 26 + 2 mg per gram of rubber. The 
open points in Figure 2 represent the values of individual samples oxidized 
for a certain time. The filled points correspond to values obtained with one 
sample which was oxidized until a pronounced autocatalytic region was reached. 
It is seen that good reproducibility of the measurements was observed. The 
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Fic. 3.—Consumption of diphenyl-p-phenylenediamine in different vulcanizates 
at 100° C. Original concentration, 2.60 phr. 


results show that the oxidizability depended to a large extent on the amount of 
bound sulfur which increased for the curing systems in the order TMTD- 
< sulfur + sulfenamide-< sulfur + DPG-. The consumption of DPPD is 
shown in Figure 3. The rate of diamine consumption corresponded with the 
rate of oxygen absorption. In easily oxidizable systems, e.g., sulfur + DPG, 
a rapid consumption of the diamine (DA) was observed. A calculation of the 
quotient AO2/ADA in the constant rate region illustrates that this ratio was 
nearly identical in the three systems although their oxidizability varied greatly. 
The quotient AO./ADA was found to be close to six for all three systems. 
This must be considered as evidence that the oxidation takes place on the rubber 
hydrocarbon and not at certain sulfur-containing linkages. At any rate, the 
latter reaction does not take place to any appreciable degree. Shelton’ has 
pointed out that the increased rate of oxidation with higher levels of combined 
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Fig. 4.—Oxygen absorption of gum and black vulcanizates containing 2.75 phr 
of diphenyl-p-phenylenediamine at 100° C. (Sulfur + DPG curing system.) 


sulfur is associated with an activating effect of bound sulfur on adjacent C-H 
groups. 

Extensive studies have been reported in the literature® exploring the effect 
of carbon black on the oxidation of elastomers. They reveal that the effect 
of carbon black is quite complex. We compared vulcanizates containing 50 phr 
of high abrasion furnace (HAF) black with otherwise analogous gum vulcan- 
izates containing the same initial concentration of DPPD, namely 27.5 mg per 
gram of rubber. Two different vulcanizing systems were chosen—sulfur 
+ sulfenamide and sulfur+ DPG. In both cases the black stock reacted 
faster with oxygen at 100° C by a factor of 1.3-1.4. This is illustrated in 
Figure 4 for the sulfur + DPG curing system. Simultaneously, the rate of 
amine consumption was accelerated also by a factor of 1.35 as shown in Figure 5. 
This demonstrates that the molar ratio AO2/ADA was unchanged by the black. 
Adsorption or reaction of the diamine on the carbon black surface (and as a 
consequence unavailability of the inhibitor) or promotion of a direct oxidation 
of the diamine to inactive products can be of only minor importance. 

The rates of oxygen absorption and diamine consumption of the constant 
rate stages as well as the molar ratio AO2/ADA are listed in Table II. The 
table shows that analogous results were obtained in all vulcanizing systems 
listed. A more complicated situation was observed only in peroxide vulcan- 
izates (Mixture 1, Table I), where the corresponding diimine was found in 
larger quantities (maximum amount 15% of the initial diamine concentration). 
Since the diimine reacts with natural rubber® with reformation of the diamine 
in about 70% yield’, we observe here a regeneration of the inhibitor which 
complicated the kinetic results. 

The question now arises why a nearly zero order consumption of the diaryl- 
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TABLE II 


OxyYGEN ABSORPTION AND DIAMINE CONSUMPTION AT 100° C IN DIFFERENT 
NaTurRAL RuBBER VULCANIZATES (INITIAL CONCENTRATION 
or DPPD 2.6 + 0.2 PHR) 


40:/At [millimoles/ ADA/At [millimoles/ 40:/ADA 
(molar) 


Vulcanizing system* g rubber X hour] g rubber X hour] 
TMTD (sulfurless) (gum) 2.5 xX 10° 0.49 K 1073 5.1 
Sulfur + sulfenamide (gum) 9.2 x 107% 1.55 X 10-3 5.9 
Sulfur + DPG (gum) 14.0 xX 10-3 2.35 X 107? 5.95 
Sulfur + sulfenamide (black) 12.75 X 10-3 2.10 X 107% 6.05 
Sulfur + DPG (black) 18.5 3.15 10-3 5.9 
* See Table I. 


p-phenylenediamines was observed. It might be envisioned that iow solubility 
of the diamines in natural rubber is responsible. The observance of similar 
kinetic conditions in other elastomers* with greater solubility for these diamines 
as well as the dependence of the rate on the vulcanizing system, Table II, 
indicate that solubility is not the decisive factor. Rather, the reaction in 
which the diamine is consumed should be responsible for the observed kinetic 
conditions. A number of reactions must be considered in this respect’. 


1. Direct oxidation of the antioxidant with the formation of stable oxidation 
products or chain initiating free radicals. 


_——— stable oxidation products 
(1) AH +0, 


2) Reaction with peroxy radicals leading to termination 


(2) AH + RO.- ———> leading to termination 


3) Peroxide decomposition with the formation of stable products 
(3) ROOH + AH ——> stable products 
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Fic. 6.—Oxygen absorption of TMTD gum vulcanizates containing various concentrations of N,N’-di-p- 
tolyl- p-phenylenediamine at 100°C. (A—0.635 phr, C—1.98, D—3.05, E—4.55.) 
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If the antioxidant AH would be consumed predominantly according to 
reaction (1), the diamine consumption should be of first order under the chosen 
experimental conditions (constant oxygen pressure). Peroxide decomposition, 
reaction (3), does not seem likely to be the predominant reaction since chain 
scission should not be expected. Nevertheless, chain scission is a noticeable 
consequence of the oxidation of natural rubber even in the presence of diaryl- 
p-phenylenediamines. We found that the amount of sol rubber formed in- 
creased with increasing oxygen uptake. These considerations suggest that 
diaryl-p-phenylenediamines are mainly consumed in a termination mechanism, 
reaction (2), which is not understood in detail at the present time. The low 
value of six found for the molar ratio AO2/ADA indicates that the kinetic chain 
length must below. Bevilaqua’ has reported in a series of papers that the chain 
scission efficiency of Hevea by molecular oxygen increases rapidly with in- 
creasing temperature to a limiting value of about six molecules of O2 per scission. 
This evidently means that six molecules of oxygen are needed for one oxidation 
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Fia, 8.—Effect of initial concentration of di-p- boshegteeiamine on the rate 
of oxygen absorption, A, and rate Ate ny ten mption, B. 


cycle including one chain scission which according to Tobolsky and Mercurio” 
occurs in the termination step. Our own results could then be interpreted to 
mean that diaryl-p-phenylenediamines are reducing the kinetic chain length 
to one, provided the diamine is present in a sufficient concentration. 

A study of the effect of the initial diamine concentration on the rate of 
oxidation is shown in Figure 6. The results were obtained with TMTD gum 
compounds containing different initial concentrations of di-p-tolyl-PD. In the 
range we have shown, the samples oxidized more rapidly with increasing con- 
centration of the antioxidant. The duration of the inhibition period did not 
increase linearly with the initial diamine concentration, but approximately as 
the square root. A linear relationship existed, however, between the amount of 
oxygen absorbed during the inhibition period and the initial diamine concentra- 
tion. The consumption of the diamine likewise depended on the initial diamine 
concentration, the rate increasing with increasing diamine concentration, 
Figure 7. It has been shown previously that certain amine antioxidants ex- 
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hibit an optimum concentration at which the rate of oxidation has a minimum 
value in the constant rate region". Addition of either more or less antioxidant 
results in a more rapid oxidation. The same was true for di-p-tolyl-PD as 
illustrated in Figure 8 where the initial oxidation rates are plotted against the 
initial amine concentration, curve A. The minimum value was found at 0.8 
phr. If no antioxidant is present, the rate was extremely high. A steep 
decrease of the rate was observed in the first part of the curve. After passing 
through a minimum, the rate then increased slowly. Curve B represents the 
rate of diamine consumption as a function of the initial diamine concentration. 
The consumption of the diamine depended much less on the initial diamine 
concentration than did the rate of oxygen uptake, the ratio of the two values 
being equal to 6. The appearance of a minimum in Curve A indicates that 
two different rate equations are observed for these two regions of the curve 
(before and after the minimum). Before the minimum was reached, the rate 
decreased rapidly with increasing diamine concentration. After passing the 
minimum the situation changed, now the rate of oxidation increased with 
the initial diamine concentration. This latter region is the range which we 
investigated and in which six molecules of oxygen are absorbed per molecule 
of diamine consumed. An optimum antioxidant concentration has been ex- 
plained previously by chain transfer": or by a direct oxygen attack on the 
antioxidant" resulting in the initiation of oxidation chains. 


RO. + AH ——> A‘ + ROOH Chain transfer 
A‘ + RH—— + AH 


AH + 0. A’ + HO,” __—sDirect oxygen attack 
HO. + RH R’ + 


A’ + AO:H 
AO.H AO’ + 
HO: + RH———> + HO 


Since the antioxidant radicals A’ are highly stabilized by resonance, it 
seems doubtful whether they are able to initiate oxidation chains. The 
situation is different, however, with the more reactive hydroperoxy- or hydroxy- 
radicals formed by direct oxygen attack. 

That two or more reactions compete for the consumption of the diamine was 
confirmed by the finding of a fractional order. A plot of the logarithm of the 
initial rate of diamine consumption vs. the logarithm of the initial diamine 
concentration gave a reaction order of 0.35 with respect to the diamine. 

In order to find a correlation of antioxidant efficiency with the structure of 
diaryl-p-phenylenediamines, TMTD (sulfurless) gum vulcanizates containing 
equimolar amounts of various diamines (ca. 9.5 millimoles per 100 grams of 
rubber) were oxidized under identical conditions. The oxygen absorption 
curves at 100° C are shown in Figure 9. The curves are shifted on the abscissa 
for a certain distance to obtain a clearer picture. In the presence of diphenyl- 
PD, phenyl-p-tolyl-PD, and di-p-tolyl-PD, a linear oxygen uptake was ob- 
served. Since the three lines are parallel, the rates were identical, indicating 
equal efficiency of these three diamines under our experimental conditions. In 
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Fic. 9.—Oxygen absorption of TMTD vulcanizates containing equimolar amounts of various diaryl- 
p-phenylenediami at 100°C. (9.5 millimoles per 100 grams of rubber.) 


the presence of phenyl-o-tolyl-PD and di-o-tolyl-PD, deviations from linearity 
were observed. The lower efficiency of the o-tolyl derivatives can probably 
be explained by a steric effect of the methyl group. A determination of the 
initial rates showed that the ratio AOz/ADA was nearly six for these somewhat 
less efficient diamines during the initial part of the oxidation. This ratio, 
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Fic, 10.—Consumption of diaryl-p-phenylenediamines in TMTD gum vulcanizates at 100° C, 
Original concentration 9.5 millimoles per 100 grams of rubber, 
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Fis. Cee absorption of TMTD vulcanizates containing various concentrations of N-isopropyl- 
N’-phenyl-p-phenylenediamine at 100°C. (A—0.65 phr, C—1.98, D—2.90.) 


however, increased with increasing oxidation time. It should be pointed out 
that the antioxidant efficiency was also found to be a function of the tem- 
perature. Samples containing phenyl-o-tolyl-PD absorbed oxygen with a 
constant rate at 80° (but not at 100°) illustrating that the efficiency increased 


with decreasing temperature. The consumption of the various diamines is 
shown in Figure 10. The curves are again shifted on the abscissa. Parallel 
lines were obtained indicating identical rates of the diamine consumption. 

An overall activation energy of 22.5 kcal/mole was found for the oxygen 
uptake but only 21 kcal/mole for the diamine consumption during the oxidation 
of TMTD gum vulcanizates containing 2.5 phr of phenyl-o-tolyl-PD in the 
range of 80°-120° C. The higher value for the oxidation reaction is not 
believed to be the true value. Due to a lower efficiency of the inhibitor at 
higher temperatures, it is usually difficult to determine the true initial oxidation 
rate of the induction period. 


DIALKYL- AND ALKYL-ARYL-P-PHEN YLENEDIAMINES 


The addition of dialkyl- or alkyl-aryl-p-phenylenediamines as antioxidants 
had a pronounced effect on the results. Figure 11 shows the oxygen absorption 
of TMTD gum stocks at 100° C, containing different initial concentrations of 
isopropylphenyl-PD. The oxygen absorption curves are composed of at least 
three stages, initial, constant rate, and autocatalytic. An investigation of the 
diamine consumption showed that the diamine was consumed approximately 
by a first order reaction. This is shown in Figure 12 where the logarithm of the 
diamine concentration is plotted against the oxidation time.. Parallel lines 
were obtained with different initial concentrations, indicating that the rate 
constant was independent of the concentration. Since we were working with 
constant oxygen pressure, these results are consistent with a direct oxidation of 
this diamine by oxygen. 

An investigation of the direct oxidation of isopropylphenyl-PD (in the 
absence of rubber) showed that this material was indeed readily oxidizable. 
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The results are givenin Table III. Surprisingly enough, the reaction proceeded 
stoichiometrically as the quotient, moles oxygen absorbed/mole diamine 
consumed, was found to be constant, namely, 2.04 in the range we investigated. 
Obviously we are dealing with the following reaction: 


HC 


c—Nu—€_-Nu-€_ + 20, ———> stable products 


whereby the nature of the oxidation products is not presently known. 

After establishing these facts, it was possible to obtain a “true’”’ oxygen ab- 
sorption curve by correcting the measured values. This was done by subtract- 
ing the amount of oxygen which was consumed by direct oxidation of the dia- 
mine from the measured values. E.g., from Figure 12, Curve C, it is seen that 
the amount of diamine consumed after 144 hours was 19.8 — 2.0 = 17.8 milli- 
grams, 17.8/226 = 0.0788 millimole of isorpopylphenyl-PD. 0.0788 x 2 
= 0.158 millimole of oxygen absorbed by the diamine and to be deducted from 
the measured value of oxygen absorption. From Figure 11, Curve C, the 
measured value of oxygen absorption was 0.352/0.88 = 0.396 millimole (where 
88.8 is the % rubber hydrocarbon in the sample). 0.396 — 0.158 = 0.238 
millimole of oxygen, the corrected value. The “true” oxygen absorption 
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TABLE III 


Direct Ox1paTION oF 
AND N, N’-Bis (1-METHYLHEPTYL) -p-PHENYLENEDIAMINE IN OXYGEN 
AT 90° C anp 740 MM. InitT1AL DIAMINE CONCENTRATION: 
IsOPROPYLPHENYL-PD 1.95 MILLIMOLES 
DIMETHYLHEPTYL-PD 1.42 MILLIMOLES 


Isopropylphenyl-PD Dimethylheptyl-PD 
AW. A... 


0: DA Oxidation Or DA 
absorbed, consumed, 0:/DA time, absorbed, consumed, 02:/DA 
millimoles _millimoles (molar) hours millimoles _millimoles (molar) 

0.392 0.192 y 5} 0.458 0.283 1.62 
8 0.777 0.497 1.56 

14 1.40 0.815 1.72 

29 2.22 1.252 1.77 

70 3.03 1.413 2.15 


curves are shown in Figure 13. Again we find that the oxygen absorption pro- 
ceeded linearly at the beginning. All points fall on the same line with the 
exception of the values found in the presence of the highest amine concentration, 
pointing to a possible dependence of the rate on the concentration. We ob- 
served here the interesting fact that the diamine itself does not act as an anti- 
oxidant (since it was consumed predominantly by direct oxidation) but that 
one of its oxidation products assumes the function of an antioxidant. The 
rate of oxidation in the constant rate region was quite low showing that the 
oxidation product in question is a powerful antioxidant. 

We had expected that the direct oxidation of this amine would be independ- 
ent of the curing system. To verify this, we investigated the oxidation of a 
sulfur + DPG gum compound containing 2.5 phr of isopropylphenyl-PD ex- 
pecting that in such a readily oxidizable curing system, the direct oxidation 
would be superimposed on a zero order consumption. This was not the case, 
however, as the diamine consumption again was a first order reaction but with a 
higher rate constant (3.1 X 10~*? hour~! as compared with 1.6 X 10-? hour" 
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Fig. 13.—Ox, er absorption of TMTD gum vulcanizates corrected for the consumption of oxygen by N- 
at 100°C. (A—0.65 phr, B—1.58, C—1.98, D—2.90.) 
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Fig. 14.—Oxygen absorption, A, and corrected oxygen absorption, B, of gum vulcanizates containing 
N-isopropyl-N’-phenyl-p-phenylenediamine at 100° C. (Sulfur + DPG curing system.) Original con- 
centration, 2.50 phr. 


in TMTD gum compounds). Figure 14 shows the oxygen uptake as a function 
of the oxidation time. Curve A represents the measured values and Curve B 
the corrected values (obtained by subtracting the amount of oxygen which 
was needed for the direct oxidation of the diamine). 
Dialkyl-p-phenylenediamines—we used dimethylheptyl-PD as an example 
—behaved similarly to N-alkyl-N’-aryl-p-phenylenediamines. Dimethyl- 
heptyl-PD was easily oxidized as seen from Table III, being much faster than 
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was found for isopropylphenyl-PD. The quotient, moles oxygen absorbed/ 
mole diamine consumed, varied from about 1.5 to 2.2 depending on the extent 
of oxidation. The consumption of the diamine in TMTD gum vulcanizates 
proceeded according to a first order reaction at constant oxygen pressure, the 
rate being four times as high as for isopropylphenyl-PD (6.2 < 10-? hour 
at 100° C). The activation energy for the oxidation of dimethylheptyl-PD 
was found to be 18 keal./mole. Figure 15 shows the oxygen absorption of 
TMTD gum vuleanizates containing 3.25 phr of dimethylheptyl-PD at tem- 
peratures of 80°, 100° and 120° C. Again we tried to apply a correction for 
the measured values to obtain a ‘‘true” oxygen absorption curve. Although 
it was not completely correct to multiply the consumed diamine by a factor 
of two to obtain the amount of oxygen to be subtracted from the measured 
values, we considered this to be a reasonable simplification. Figure 16 shows 
the corrected oxygen absorption curves which again began with a nearly linear 
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2 ei oe absorption of TMTD vulcanizates corrected for the consumption of oxygen 
by N,N’-bis(1-methylheptyl)-p-phenylenediamine, original concentration, 3.25 phr. 


stage. A comparison of the rates of oxygen uptake during the constant rate 
stage with analogous samples containing the diaryl type shows a definite 
superiority of the diaryl-p-phenylenediamines in respect to oxidation rate and 
duration of the inhibition period. 

A comparison of the rates of the consumption of the different types of 
p-phenylenediamines during oxidation of a tetramethylthiuram disulfide 
vulcanizate at 100° C is made in Table IV. The time for a 50% consumption 
was used to characterize the rates. For di-p-tolyl-PD the time for a 50% con- 
sumption increased with higher initial diamine concentration. This increase, 
however, was not linear. Isopropylphenyl-PD and dimethylheptyl-PD are 
consumed by a direct reaction with oxygen, being of first order in respect to the 
diamine. This reaction is relatively fast, especially in the case of dimethyl- 
heptyl-PD. The time for a 50% consumption was found to be independent 
of the initial concentration of isopropylphenyl-PD. 
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TaBLe IV 


CONSUMPTION OF p-PHENYLENEDIAMINES IN TMTD Gum 
VULCANIZATES (IN OXYGEN AT 100° C) 


Initial Time for 50% 
concentration, consumption, 
p-Phenylenediamine phr hours 
N,N’-di-p-tolyl- 0.64 52 
1.10 72 
1.98 
3.05 134 
4.55 202 
N-Isopropyl-N’-phenyl- 0.65 44 
1.58 46 
1.98 44 
2.90 44 
N,N’-bis (1-methylhepty])- 3.25 11 


SUMMARY 


The consumption of various p-phenylenediamines during the oxidation of 
natural rubber vulcanizates has been investigated in the temperature range of 
80-120° C. Oxygen absorption was used to follow the oxidation. 
Diaryl-p-phenylenediamines were consumed mainly in a_ termination 
reaction during the constant rate region of the oxygen absorption, where five 
to six molecules of oxygen were absorbed per molecule of diamine consumed. 
The constant rate stage of the oxygen uptake was found to be about twice as 
long as the time of the constant rate consumption of the diamine, indicating 
that the reaction product also possessed antioxidant activity. The effect of 
the nature of the curing system, carbon black, structure of the diamine, initial 
concentration of the diamine, and temperature of oxidation were studied. 
Dialkyl- and alkyl-aryl-p-phenylenediamines were consumed predominantly 
by a direct, relatively fast reaction with oxygen, the rate being dependent on 
the structure of the diamine and also on the nature of the curing system. The 
oxidation products formed exhibited antioxidant activity, those of N-isopropyl- 
N’-phenyl-p-phenylenediamine being particularly effective. 
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THE INFLUENCE OF HIGH-ACTIVITY SILICA UPON 
THE THERMAL AGING OF LATEX VULCANIZATES 
CURED BY THIURAM COMPOUNDS * 


A. ANDRESEN 


Georc KavuTscHUKWERK, Bap Hersretp, GERMANY 


INTRODUCTION 


Once it had been shown that high-activity silica, even in comparatively 
small additions, improves the aging resistance of latex vulcanizates by many 
times', and that also an effect similar to that of a coactivator is set up by the 
interaction of high-activity silica with age resistors, ultra-accelerators and 
atmospheric oxygen in latex mixtures?, a like effect was to be expected in sulfur- 
free latex vulcanizates crosslinked by thiuram compounds. In order to get 
comparable data it was necessary in the first place to get sulfur-free latex mix- 
tures giving vulcanizates with starting properties in the same order of value as 
those of latex vulcanizates with the classical sulfur recipe. In addition it was 
necessary also to develop stocks from which threads could be extruded by the 
well-known two-stage method!, since the investigations mentioned at the be- 
ginning were carried out exclusively on vulcanized threads, which lend them- 
selves particularly well to determinations of tensile strength, elongation at 
break and tensile stress. Above all an attempt was made to manage with 
vulcanization temperatures below 100° C. To make this possible a thiuram 
compound active at relatively low temperatures had to be used. Here we 
had the opportunity of using DPTT (dipentamethylenethiuram tetrasulfide, 
Tetrone A), which the manufacturers (Du Pont) designate, alone among their 
thiuram accelerators, as ‘‘very active’, and which J. Willums referred to in a 
German journal as far back as 1944°. 


DEVELOPMENT OF A SUITABLE THURAM RECIPE 


Even in sulfur-containing formulas it was possible to establish the higher 
activity of dipentamethylenethiuram tetrasulfide as compared with the best 
known of the thiuram accelerators, tetramethylthiuram disulfide (TMTD). 
At the same time it was found that a combined addition of dipentamethylene- 
thiuram tetrasulfide and tetramethylthiuram disulfide was more effective than 
either of these thiuram compounds alone, as the properties in Table 1 show. 
The permanent set as a measure of the degree of vulcanization is shown by the 
so-called 300/300 value. This is obtained on plotting the stress-strain-re- 
traction curve up to 400% elongation by dividing the stress of extension by the 
stress of retraction at 300% elongation. The lower this 300/300 value, the 
smaller the hysteresis loop and thus also the permanent set. 

The higher activity of DPTT (dipentamethylenethiuram tetrasulfide) as 
compared with TMTD showed itself also in sulfur-free latex stocks, likewise 
the advantage of using TMTD as a second accelerator to DPTT. Table 2 


" * Translated by R. J. Moseley from Kautschuk und Gummi 13, WT1-12 (1960); RAPRA translation 
852. To save space many of the figures in the original article are not included in this translation. 
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TABLE 1 


IniTIAL PropeRTIES OF SULFUR CROSSLINKED, THIURAM-ACCELERATED 
VULCANIZATES (SEE Nore) 


Colloidal sulfur 
TMTD 


DPTT 0.8 
Diethylamine 0.5 0.5 0. 
ZnO 2.5 2.5 2 


Cure time, hours, 
air, 100° C 8. E/B 8. E/B 


ABBREVIATIONS Usep Text AND Tasies: DPTT, tetrasulfide; TMTM, 
Tetramethylthiuram monosulfide; TMTD, Tetramethyithiuram disulfide; MBT Mercaptobenzthiazole: 
MBTZn, Zinc salt of mercaptobenzthiazole; Hexa, Hexamethylene tetramine; DDA, DDA yo ad 
(Bayer); ARW, DNP Antiager (Bayer) (Di-8-naphthyl-p-phenylene diamine) ; BKF, BKF Anti 
Bayer) (2,2’ -methylene-bis- (4- methyl-6-tert-butyl MBIZan, Zinc salt of mercaptobenzimidazo! 

nO, Zine oxide; T.S., Tensile strength, in kg/sq em; E/B, E longation at break, %; SV, Stress value at 
oe elongation, kg, /sq em; Tens. Prod., Tensile product ( product of tensile strength and elongation at 


). 
ae compositions in the Tables are given in each case in % reckoned against dry rubber. 


gives figures for two vulcanizates with TMTD and DPTT, respectively, as the 
main crosslinking agent, and with MBT and hexa as activators. In Table 3 
we give the properties of three vulcanizates with DPTT as the main crosslinking 
agent and MBT or MBT plus TMTD as activators. The two vulcanizates 
1309 and 1310 with TMTD not only have higher T.S. but also higher E/B. 
From Table 4 it is seen that as activator for the combination DPTT-TMTD- 


TABLE 2 
INITIAL PROPERTIES OF SULFUR-FREE, THIURAM-CROSSLINKED VULCANIZATES 
1318 


Yoon 


i=) 
ow 
Co 
to 


835 ae 
0.5 0.25 
4 
1 476 879 338 960 520 791 vara 
2 451 815 466 806 487 768 a3 
3 425 792 421 806 456 756 ae 
4 376 768 419 789 399 741 se 
1.5* 380 834 390 983 463 774 es 

1.5 464 840 422 825 503 779 ios 
SV 300/300 SV 300/300 SV 300/300 
1 22.2 2.18 15.5 3.42 33.8 1.73 ae 
2 26.0 1.74 26.5 1.85 36.1 1.67 ae 
3 27.6 1.59 28.3 1.47 36.1 1.57 Sie 
4 28.8 1.50 31.3 1.48 36.9 1.56 oe 

1.5* 20.7 1.91 16.3 2.48 32.3 1.62 Sia 
. 1.5 24.3 1.90 23.9 2.48 35.2 1.70 ¥ 
TMTD 2.6 
DPTT — 
MBT 0.5 
exa 0.5 
ZnO 3.0 a 
Cure time, hours, a 

4 29 1028 3.6 240 41.4 ie 
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TABLE 3 


INITIAL PROPERTIES OF VULCANIZATES OF STOCKS WITH DIPENTAMETHYLENE- 
THIURAM TETRASULFIDE AS Main CROSSLINKING AGENT (I) 


DPTT 

MBT 
TMTD 
Diethylamine 
ZnO 


Cure time, hours, 
air, 100° C 


MBT is to be replaced in part by hexa in the molar ratio 1:1. As to how far 
we can get a full cure at temperatures of only 90° C instead of 100°, this is 
shown by the stage heatings of vulcanizate 1316, where it is noteworthy that the 
T.S. was higher, while with practically equal E/B and equal SV, than with 
heating at 100°. The fact that it is better for the quality of the vulcanizate to 
use a small amount of an effective accelerator combination than to use a high 
amount of less effective combination is seen from the figures for vulcanizates 
1319 and 1322 in Table 5. The two stocks are based on the same vulcanizing 
agent dispersion, only with the difference that with 1322 this dispersion was 
overdosed at 40%. The alteration of the DPTT/TMTD ratio to favor TMTD 
has the outcome that a 30 kg/sq cm SV can reliably be attained only with 140% 
of vulcanizing agents, and that this is at the expense of the tensile strength. 


TABLE 4 


INITIAL PROPERTIES OF VULCANIZATES OF STOCKS WITH DIPENTAMETHYLENE 
THIURAM TETRASULFIDE AS MAIN CROSSLINKING AGENT (II) 


1314 1315 


DPTT 6 1.6 
TMTD : 1.0 
MBT 

Hexa 

ZnO 


Cure time, hours, 
air, 100° C 


1.5 (90° C) 


836 
: 1308 1309 1310 
a 1.5 1.0 1.0 
1.5 1.0 1.0 
: 1.0 1.0 
— 0.5 
3.0 3.0 3.0 
| E/B TS. TS. 
- 1 258 675 294 845 279 813 
; 2 269 635 331 718 354 733 ; 
: 3 288 653 347 690 295 654 
4 269 636 327 665 325 661 
: sv 300/300 SV 300/300 sv 300/300 
; 1 26.8 2.18 18.4 2.24 18.4 2.24 
2 29.1 2.17 27.5 2.11 28.5 2.02 : 
3 30.1 2.05 31.4 1.97 32.8 1.98 
. 4 30.6 1.93 33.7 2.01 33.5 1.97 
1316 
1.6 
1.0 
0.5 
0.5 
3.0 
TS.  §E/B Sv TS. sv TS. sv 
1 241 596 32.9 357 865 15.9 326 668 30.2 
; 2 241 543 42.4 411 738 29.7 350 624 38.6 
3 212 524 46.8 417 717 35.3 280 564 44.7 
4 227 496 48.9 347 647 35.9 _ —_ — 
3. (90°C) — 378 663 33.5 
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TABLE 5 
Errect or Over-DosaGE or THrurAM CROSSLINKERS 


< 


1 311 820 17.3 17.7 
2 356 746 26.7 269 698 29.0 
3 364 713 30.4 271 619 37.0 
4 273 40.6 
1.5 (90° C) 304 914 15.3 _ _ 16.4 
3 (90°C) 342 845 19.6 — _ 22.1 
4 (90°C) 356 822 23.2 _— _— 24.8 
5 (90°C) 360 785 25.9 — — 30.4 


From a diagram plotting the stress values of vulcanizate 1316 as a function of 
the heating time at 90° C as well as 100° C the figures in Table 6 were to be 
found with in each case the same stress vaiue; from this it follows that at 90° C 
we need 2.13 times the 100° C heating time to get the same stress value or 
degree of cure. The experiments which follow were planned to reduce this 
vulcanization-time factor. The aim was to achieve full cures at temperatures 
as low as 90° C in the shortest possible time. It was found that with increasing 
DPTT or with increasing proportion of DPTT in the combination DPTT/ 
TMTPD it is possible to lower the vulcanization-time factor. 

The experiments surveyed in Table 7 show on the one hand the superiority 
of DPTT over TMTD as a main crosslinking agent (stocks 1324 and 1327 as 
compared with stocks 1325 and 1328) and on the other hand the fact that the 
combination DPTT/TMTD is considerably more active than the combination 
DPTT/TMTM (stocks 1323 and 1326 as compared with stocks 1324 and 1327). 
The advantage of shifting the DPTT/TMTD proportion to favor the DPTT 
is shown by the stress values and vulcanization-time factors of vulcanizates 
1323 and 1326. In addition we can see that it is possible to get a proper full 
cure at 90° C. It is of interest to note the pronounced plateau in the stress 
value of vulcanizate 1326 and the tensile strength as compared with vulcanizate 
1323. 


THe DEGREE OF VULCANIZATION INDEX 


In the course of the experiments it was found that the 300/300 value was 
worthless for assessing the vulcanization degree index, as is shown for instance 


TABLE 6 


EQUIVALENT VULCANIZATION Times AT 90° C anv 100° C ror GIVEN 
Srress VALUES OF VULCANIZATES FROM MIx 1316 (TABLE 4) 


SV reached at 90° C at 100°C 90° C:100° C 
34.7 kg/sq cm in 197 min in 90 min 2.19 
38.6 kg/sq cm in 250 min in 120 min 2.08 
42.0 kg/sq cm in 320 min in 150 min 2.13 


Vulcanization time factor, 90° C:100° C averaging 


837 ike 

1319 1322 

DPTT 0.8 1.12 = 
TMTD 1.0 1.4 BN 
MBT 0.35 0.63 at 
Hexa 0.35 0.63 
ZnO 3.0 4.2 2 

Cure time, hours, = 
air, 100° C TS. E/B sv TS. E/B 

2.13 
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TABLE 7 


INITIAL PROPERTIES OF VULCANIZATES OF STOCKS WITH DIPENTAMETHYLENE- 
THIURAM TETRASULFIDE AND TMTD as Marin CrossLINKING AGENTS 
AND TMTD anp TMTM as SeEconp ACCELERATORS 
(SECOND CROSSLINKING AGENTS) 


1325 1327 


1.5 (90° C) 
3 (90°C) 
4.5 (90° C) 
6 (90°C) 


00 
Diandio 
wwints 


1.5 (90° C) 
3 (90°C) 
4.5 (90° C) 
6 (90°C) 


Vulcanization- 
time factor 


BSNS 
S 


= BSS 


— 1.48 


or 


TABLE 8 


Stress anD 300/300 VALUES oF VULCANIZATES OF STOCKS WITH 
DIPENTAMETHYLENETHIURAM TETRASULFIDES AND TMTD 
AS Main CROSSLINKING AGENTS 

1308 
DPTT 1.5 
TMTD 
MBT 1.5 
Hexa 
Diethylamine 
ZnO 


Cure time, hours, 
air, 


838 

| DPTT 1.0 1.0 a 1.25 1.25 aie 
TMTD 1.0 se 1.0 0.75 nn 0.75 
TMTM a 1.0 1.0 pe 0.75 1.25 

MBT 0.67 0.67 0.67 0.67 0.67 0.67 

Hexa 0.33 0.33 0.33 0.33 0.33 0.33 
| ZnO 3.0 3.0 3.0 3.0 3.0 3.0 . 

Cure time, hours, 
air, 100° C TS. E/B TS. E/B TS. E/B E/B T.S. E/B E/B 
1 351 821 265 704 109 1067 398 727 — — — — 
4 354 678 263 641 41 110 404 675 — — — — 
347 830 272 718 139 1080 422 70 — — — — 
353 676 266 667 69 1175 381 68 — — — — 
SV SV SV 8V SV 8V 

1 10.8 
2 
3 
4 5.5 
12.7 
8.4 
1313 
| 2.0 
1.0 
3.0 
PF sv sv sv sv sv sv 
; 1 26.8 18.4 18.4 7.6 8.1 7.8 
. 2 29.1 27.5 28.5 6.2 5.6 6.2 
| 3 30.1 31.4 32.8 4.9 4.2 6.0 

4 30.6 33.7 33.5 45 3.9 6.0 
300/300 300/300 «300/300 300/300 300/300 300/300 

1 2.18 2.24 2.24 2.19 2.19 2.11 

2 2.17 211 2.02 1.88 1.82 1.69 

3 2.05 1.97 1.98 1.68 1.80 1.54 

4 1.93 2.01 1.97 1.75 1.72 1.47 
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TABLE 9 


VALUES FROM THE STRESS/STRAIN/RETRACTION DIAGRAM 
oF Two VULCANIZATES WITH THE SAME 300/300 VALUE 


3 1328 
Cured 1.5 h Cured 4.0 h 

Elongation, % at 90°C at 100° C 
100 9.05 4.3 
200 13.7 4.5 
300 18.6 4.8 
400 28.7 5.85 
300 retraction 8.95 2.3 
300/300 value 2.08 


by the data in Table 8. According to this the 300/300 values of vulcanizates 
1311 to 1313 are better than those of vulcanizates 1308 to 1310, while never- 
theless 1311 to 1313 with TMTD as main crosslinking agent were regarded as 


TABLE 10 


DEGREE OF VULCANIZATION INDEXES OF TWo VULCANIZATES WITH EQuaL 
300/300 VaLue, as WELL as oF OrHeR EXPERIMENTAL VULCANIZATES 


1326 1328 
Cured 1.5 h at 90° C Cured 4 h at 100° C 


300p/100p + 300¢/100p 
300p/100p -3002/100p 


Vulcanizate No. 


1326 


Cure time, hours 1.5 1.5 1.5 6 1 4 
Cure temperature, ° C 90 90 90 90 100 100 
Stress value (400%), 
kg/sq cm 28.0 23.5 12.7 8.4 10.8 5.5 
Vulcanization degree index 
calculated 
as sum 3.04 2.87 2.06 1.88 1.89 1.60 
as product 2.03 1.78 0.79 0.74 0.70 0.55 


1D = extent of elongation, E = extent of retraction. 


markedly undercured. If we compare the data from the stress/strain curve of 
vulcanizates 1326 and 1328 in Table 9 with each other, we see the worthlessness 
of the 300/300 value. If however we relate the 100% value both to the 300% 


TABLE 


Stress VALUES AND VULCANIZATION DEGREE INDEXES OF VULCANIZATES 
or StaGe-HeEatTeD Stock 1326 


Stress value Vulcanization degree index 


Cure time, hours, 100° C 


1 34.6 2.12 
2 37.8 2.40 
3 38.8 2.54 
4 41.8 2.49 
1.5 90° C 31.2 1.92 
3 90°C 37.4 2.22 
4.5 90° C 39.0 2.28 
6 90°C 40.0 2.58 
& 86°C 39.6 2.22 
Vulcanization-time factor 90°:100° C = 1,53, 


839 
300p/300: 2.08 2.08 
300¢/100p 0.99 0.48 
3.04 .60 
1327 1328 1328 1328 1328 
| 
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TABLE 12 


Basic FoRMULAS AND PROPERTIES OF Two VULCANIZATES SUBJECTED 
TO AN ExTeNDED Heat AGING 


Thread stock Thread stock 
1335 2225 


Colloidal sulfur 85% 
Zinc ethylphenyldithiocarbamate 
DPTT 


| | 


Titanium dioxide 
Cured 3 hours at 85° C, in air 
T.S., kg/sq cm 


SV, 400%, kg/sq cm 


value of the extent of elongation and also to the 300% value of the extent of 
retraction, for instance by division, and combine the two values, as may be 
effected either by addition or multiplication, we get a value which with in- 
creasing magnitude characterizes a steep rise in the stress value on elongation 


TABLE 13 


Time (Days) Necessary For % Loss 1n TENSILE Propuct 
AT AGING TEMPERATURES OF 70°, 80°, 90° anp 100° C 
20% 


1335 


70 


100 


2.6 


and at the same time a small hysteresis loop. We get such calculations in 
lines 4 and 5 in Table 10. Multiplication is preferable to addition, because as 
Table 10 shows it gives differentiated values. It may be seen that the heating 
stages of the markedly undercured vulcanizates 1328 have their vulcanization 


TABLE 14 


Time (Days) Necessary FoR % Loss iN TENSILE STRENGTH AT 
AGING TEMPERATURES OF 70°, 80°, 90° anp 100° C 


20% 
1335 


840 
1.50 
1.00 
TMTD 
MBT 0.15 
Hexa 
ZnO 2.75 
ZnO-H,O 0.40 
DNP 0.50 
430 427 
710 674 
34.1 45.7 
25% 
OC 2 1335 2225 1335 2225 1335 2225 | 1335 2225 
95 0.7 29.0 1.0 — — 17 — 
80 91 11 97 195 11.0 27 — 84 — 40 
90 11 0.25 2.05 045 3.2 065 605 O08 — 11 
= 0.2 0.1 0.28 0.2 0.5 03 083 043 145 0.55 
for 2225 = 1 
1.0 
Aging 5% 10% 15% a. 25% 
ad * 1335 2225 1335 2225 1335 2225 2225 1335 2225 
70 405 68 — 05 — 135 — 
80 10.25 1.0 _  — 215 — 30 — 
90 2.25 033 — — = 
100 0.38 02 O88 O04 175 O58 28 08 — ~ 
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TaBLe 15 


Time (Days) Necessary For 5, 10, 15, 20 anp 25% Loss 1n 
T.S. on TENSILE Propuctr at 20°C 


degree indexes well below 1, while for the well-cured vulcanizates 1326 and 1327 
we get values round about 2. 

The stress values of the stage-heated vulcanizates 1326 were determined 
afresh 16 days after cure, and from the data the vulcanization degree indexes 
quoted in Table 11 were calculated. In the later investigations we aimed at as 
high as possible a vulcanization degree index with short heating times and low 
heating temperatures. 

TABLE 16 
IniT1AL Properties OF THIURAM VULCANIZATES WITH OPTIONAL 
AND CoMBINED ADDITION OF S102 AND DDA ANTIAGER 
1353 1354 
4.5 4.5 


1.8 


Cured 3 hours at 90° C 

T.S., kg/sq cm 400 388 36 325 
E/B, % 670 658 if 632 
SV, 400%, kg/sq em 36.3 33.0 34.7 34.3 


Aging lests with extrapolation to room temperature—When we had reached a 
certain degree of finality in this development, we carried out an extensive 
investigation of the aging behavior of a vulcanizate according to formula 1326 
in comparison to one of the classical sulfur formulas; accelerated aging was 
carried out in stages at four temperatures, 70°, 80°, 90° and 100°C. The two 
specimens were based on the formulas given in Table 12. 


*S 1.8 %DDA + 3.0% Sid2 


a 


RESIDUAL TENSILE PRODUCT, % 
a 


AGING TIME at 100°C -DAYS 
Fia, 11,—Residual tensile product of thiuram vulcanizates aged in stages at 100° C (Table 16). 


841 
TS. Tensile product 
Loss, % 1335 2225 1335 2225 ae 
5 3,500,000 150 13,500,000 10,500 Bo 
10 350 — an 
15 470 — 
20 880 = 
SiO, 3.0 3.0 
~ 
DDA, *~ 
(363 
~x 1354 
3.0% ,SiOz 1388 
2 3 «64 
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TABLE 17 
INITIAL PROPERTIES OF THIURAM VULCANIZATES WITH INCREASING 
ADDITIONS oF S10, 
1380 1376 1377 

TiO. 

SiO, 

Cured 3 hours at 90° C 
T.S., kg/sq cm 


SV, 400%, kg/sq cm 


In Table 13 we collate the times which were necessary for the tensile product 
at a given aging temperature to fall by a given percentage. In the lower part 
of the table we take the values for 2225 the sulfur vulcanizate as being equal 
to 1, for reference. It means for instance that the sulfur vulcanizate at 80° 
loses 10% of its strength in 1.95 days, but that the thiuram vulcanizate takes 
9.7 days to lose this much, i.e., five times the aging period. Table 14 with the 


8 


a 


AGING TIME at 100°C -DAYS 


WwW 
= 
” 
z 
WwW 
> 
2 
” 
WwW 


Fic. 12.—Residual tensile strength of thiuram vulcanizates with increasing additions 
of SiOz, aged in stages at 100° C (with reference to Table 17). 


corresponding values for tensile strength could be compiled only to an in- 
complete extent, since with the thiuram vulcanizate no losses above 10% were 
recorded at 70°, 80° or even 90° C. It is seen that the time differences at lower 
aging temperatures are greater thus extrapolation to room temperature was 
suggested. An extrapolation of this kind was carried out first by van Raams- 
donk*. He found a linear relationship between the logarithm of the aging time 


TABLE 18 


INITIAL PROPERTIES OF THIURAM VULCANIATES WITH INCREASING 
ADDITIONS OF S102 (T10. + S102 = 4.5%) 


1383 


TiO, 4.5 
SiO, 


Cured 3 hours at 90° C 
T.S., kg/sq em 


» /O 
SV, 400%, kg/sq em 


842 
; 682 680 689 
34.1 32.8 37.7 | 
| 
2% 
4% Si02 i376 
|_| 
no SiO, 1300 
= 
= | 2 3 4a 
1384 1385 
2.0 4.0 
352 
u 653 694 645 
37.0 37.5 39.4 
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TABLE 19 


INITIAL PROPERTIES OF THIURAM VULCANIZATES WITH MBT 
or MBTZN as AcTIVATOR 


1422 1426 1430 1465 1466 
DPTT 1.25 1.25 1.25 1.25 1.25 
TMTD 0.75 0.75 0.75 0.75 0.75 
MBT 1.00 0.50 1.00 
MBTZn 1.00 0.50 1.00 
ZnO 3.00 3.00 3.00 4.00 4.00 
TiO, 3.50 3.50 3.50 4.00 4.00 
SiO, 1.00 1.00 1.00 1.00 1.00 
Cured 3 hours at 90° C 
T.S., kg/sq em 438 467 410 448 538 
E/B, oe 710 754 694 729 811 
Tens. prod. ( _ 311 352 285 327 436 
SV, kg/sq cm 31.6 33.3 34.3 28.3 30.8 


(the time necessary for a given loss in strength) and the reciprocal of the 
absolute temperature, so that it became possible to extrapolate to room temp- 
erature. Extrapolation to 20° C gave the values shown in Table 15. While 
according to these the sulfur vulcanizate 2225 loses 5% in tensile strength in 
150 days (5 months) at 20° C in the dark (for the specimens were aged with 
light excluded), the thiuram vulcanizate 1335 requires for this the enormous 
time of 3,500,000 days (10,000 years). For the tensile product the times are 
29 and 37,000 years respectively. The experimental data obtained at 70° C 
could not be taken into consideration here, as they came right outside the 
picture. Even if the times resulting from extrapolation appear incredible, they 
serve as a comparison to show the exceptional differences in the rates of aging 
in the two specimens—a confirmation that the nature of the vulcanization 
system has a more decisive influence upon aging than has the presence of an 
age resistor. 

On the effect of high-activity silica—The following experiments were intended 
to show whether the addition of high-activity silica to sulfur-free thiuram 
stocks would give a further increase in the aging resistance. Figure 11, 


4% SiO 

= 

noSide 1388 


50r- no 
2% Si0, 
4% Si02 


2 3 
AGING TIME at 100°C -DAYS 


RESIDUAL TENSILE PRODUCT, % 


Fra. 13.—Residual tensile strength (upper bundle of curves) and residual tensile product (lower bundle 
of curves) of thiuram vulcanizates with increasing amount of SiO» and reduced addition of TiO: (SiO: 
+ TiO: = 4.5%) (with reference to Table 18), 
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TABLE 20 
INITIAL PROPERTIES OF A THIURAM VULCANIZATE WITH MBTZN as 
Activator (Stock 1426) HEATED IN StaGeEs aT 87 To 88° C 


Cure time, h SV i S. E/B Tensile product 
648 


3 
4 
5 
6 
7 
8 
9 
14 
16 
18 


24 
referring to the vulcanizates in Table 16, with optional addition of 3% Siflox 
silica and 1.8% DDA antiager, shows that neither the specimen with silica 
nor with the antiager showed better aging behavior than the reference sample, 
but that vulcanizate 1356, which contains both antiager and silica, showed a 
distinctly retarded rate of aging at least up to an aging time of 4 days at 100° C. 
A similar effect had already been observed in sulfur-vulcanized latex specimens’. 

The experiments covered by Table 17 gave clearer results. Figure 12 
shows that the addition of as little as 2% silica gives an increase in the aging 
resistance. In order to exclude the filler effect of the silica, in the experiments 
shown in Table 18 we reduce the amount of titanium dioxide in proportion as 
we increased the amount of silica. We see, whether from the curves in Figure 
13 for tensile strength (above) or from those of the tensile product (below), 
that a progressive replacement of titanium dioxide by silica gives a distinct 
improvement in aging. 

Improvement of the basic formula by alteration of certain activators.—On 
finding, in the course of further experiments to improve the basic activator 
hexa and use instead the same amount of MBT, we examined the effectiveness 
of replacing MBT by its zine salt, MBTZn. The data in Table 19 show that 
by this change we get higher tensile strength, elongation at break and stress 


TABLE 20a 
Stocks witH REFERENCE TO THE ACTIVE SULFUR 


(CH2)sN (CH2)s 
| 


tetrasulfide 
3)2N N(CH;)2 


Tetramethylthiuramdisulfide 


Dipentamethylene thiuram 
tetrasulfide (25% S*) 
TMTD (13% S*) 


ZnO 
Colloidal sulfur, 85% 


contains 50% by weight of sulfur, of this 
only half is labile, i.e. 25% active sulfur 


contains 53% by weight of sulfur, of this 
= a quarter is labile, i.e. 13% active 
sulfur 


1440 1441 1442 


= 0.470 S* 1.250 = 0.313 S* 1.250 = 0.313 S* 
= 0.150 S* 0.750 = 0.100 S* 0.750 = 0.100 S* 


6.50 3.00 
28 0.250 = 0.212 S* 


0,620 S* 0,413 S* 0,625 S* 


844 
Vulc. degree 
- 38.2 1.83 362 666 241,000 
: 36.0 1.98 341 609 207,000 
, 35.3 1.97 346 606 210,000 
37.0 2.03 358 610 218,000 
: 38.2 2.12 380 612 232,000 
37.0 2.23 334 600 200,000 : 
41.6 2.33 353 587 207,000 
43.7 2.34 358 588 211,000 
43.0 2.29 355 607 215,000 
44.0 241 341 588 200,000 
1.125 
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TABLE 21 


EFFEecT OF THE DIPENTAMETHYLENETHIURAM TETRASULFIDE/TMTD Ratio 
UPON THE PROPERTIES OF THE VULCANIZATES 


| 
Soren Son 
| mom 

coon 


Cured 3 hours at 90° C 
T.S., kg/sq cm 502 505 405 
E/B, 


784 771 712 
Tens. Prod. (s000) 394 389 288 
SV, kg/sq cm 30.6 29.7 25.2 


values; in addition, as the figures for the stage heating of such a vulcanizate 
in Table 20 show, we get in this way a considerable degree of independence 
of the stress value of the heating time, and even the tensile strength is hardly 
endangered by overvulcanization. 

The “chain of pearls’’ effect—On the specimens so far there had from time 
to time been an effect which had been likened to a ‘chain of pearls’. This 
refers to randomly occurring points of constriction on the slow retraction of 
thread-type specimens, which had just previously been stretched to close on 
breaking point. This effect occurs during retraction preferentially between 
200% and 100% elongation, disappearing again completely below 100% 
elongation. As the phenomenon was not observed on any of the specimens 
which were aged for only 24 h at 100° C, it was suggested that the reason might 
be inadequate cure. Surprisingly the phenomenon could not be eliminated 
by the addition of elemental sulfur. With the experiments covered by 
Table 20a (stocks 1440 to 1442) we raised the usual amount of 1.25% DPTT 
+ 0.75% TMTD by 50% in the first stock, so that it contained a total of 
0.62% of so-called active sulfur, (if we take the amounts of labile sulfur from 


TABLE 22 


Basic Formu.as or Two VuULCcANIZATES TESTED FOR RATE OF 
AGING BY RELAXATION METHOD 


Colloidal sulfur, 85% 
Zine ethylpheny! dithiocarbamate 
lenethiuram tetrasulfide 


w 

eee! | 
| ee 


845 
1503 
DPTT 1.25 
TMTD 0.75 
MBT 0.675 
Hexa 0.325 
Zn0-H:0 — 
TiO: 4.0 
SiO, ome 
Thread 1507 Thread 2225 
= 
MTZ 
Zn0-H,0 
ARW 
TiO: 
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TABLE 23 
RELAXATION HALF-VALUE TIMES OF A THIURAM AND A SULFUR VULCANIZATE 
Sulfur specimen 2225 


Temperature Thiuram specimen 1507 ‘ 
7 80% elongation 80% elong. 175% elong. 


9.8 

3.45 
0.75 
0.33 


0.13 


DPTT, at 25%, and from TMTD, at 13%, as being correct). In the second 
stock the amount of zine oxide was doubled, and in the third we added so much 
colloidal sulfur that altogether we again had 0.62% of active sulfur. The 
vulcanizate from the first-named stock (1440) was found not to have the ‘chain 
of pearls’ effect, the same was the case for the second (1441), while that of the 
third (1442) had the effect after as well as before aging and in addition had a 
lower stress value. We might deduce from this that in thiuram vulcanizates 
not only the labile sulfur causes crosslinking, but that in addition fragments of 
the thiuram molecules participate effectively in the crosslinking. The fact 
that crosslinking by thiuram compounds takes place only in the presence of 
zinc oxide is already known and it becomes understandable why larger amounts 
of zine oxide are necessary in latex stocks than in solid rubber stocks when we 
consider that as a result of the presence of 50% of water the concentrations in 
the latex stocks are only half as high. 

Further experiments, to show which of the two thiuram compounds called 
for the higher dosage to avoid the chain of pearls effect showed that a higher 
dosage of DPTT has a positive effect, while TMTD is negative, but on the 
other hand too great a reduction in the TMTD also has adverse consequences. 
Finally the basic formula was corrected to alter the DPTT/TMTD addition 
to the molar ratio of 2:1 and reduce the zine oxide to 4 or 5%. In addition 
a total accelerator content of 3% was found to be quite sufficient, but the curing 
temperature of 90° C could not be lowered. Table 21 gives data for 3 vulcan- 
izates (1501 to 1503). The two first are based on the formula with the molar 
ratio of 2/1 for DPTT/TMTD using MBTZn, getting tensile strength figures 
of over 500 kg/sq cm, while the tensile strength of the third vulcanizate, based 


TABLE 24 


ResipUAL TENSILE STRENGTH H (% oF INITIAL FiGurE) or AGED THIURAM 
VULCANIZATES WITH OPTIONAL AND COMBINED ADDITION 
or ANTIAGERS DDA anp ARW 


1508 1509 1510 1511 1512 


DDA 
ARW 
TiO: 

Residual T.S., % 
Aged 3 days 100° C 
Aged 6days 90°C 
Aged 12 days 80°C 
Average 


100 27.2 
110 _ 9.8 
120 17.5 2.9 
130 6.33 0.93 
140 0.35 
142 1.74 
150 0.85 0.13 || 
160 0.33 — bint 
1.0 1.0 — 1.0 
0.5 0.5 1.0 1.0 
4.0 4.0 3.5 3.5 3.0 3.0 
80 68 81 67 78 71 
79 74 87 70 67 80 
83 71 72 74 83 84 
g 81 71 80 70 76 78 
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TABLE 25 


ResipuaL TENSILE STRENGTH AND ELONGATION AT BREAK OF AGED THIURAM 
VULCANIZATES WITH AND WITHOUT THE ANTIAGER MBIZn (I) 


1529 1530 
DPTT 1.45 1.45 
TMTD 0.45 0.45 
MBTZn 1.10 0.55 
MBIZn — 0.55 
Residual T.S. and E/B, % TS. E/B T.S. E/B 
Aged 1 day at 100° C 81 81 85 86 
Aged 3 days at 100° C 68 74 90 87 
Aged 7 days at 100° C 60 75 79 80 


on the old formula and using MBT + hexa was only slightly above 400 
kg/sq cm, and the elongation at break was lower, although the stress value 


was also lower. 
Aging experiments by the relaxation method.—The Kautschukinstitut of the 


Technische Hochschule, Hanover, kindly investigated the rate of aging of the 


TABLE 26 


ResipvuaL TENSILE STRENGTH AND ELONGATION AT BREAK OF AGED THIURAM 
VULCANIZATES WITH AND WITHOUT MBIZN ANTIAGER (II) 


1537 1538 
MBIZn 0.5 
Residual T.S. and E/B, % TS. E/B T.S. E/B 
Aged 1 day at 100° C 76 79 90 87 
Aged 2 days at 100° C 78 77 88 87 
Aged 7 days at 100° C 71 75 73 84 


specimens based on the vulcanization systems under dicussion, using the 
relaxation method developed by Hillmer and Scheele*. The composition of 
the thread shaped specimens (1507 and 2225) is shown in Table 22. W. Scheele 
wrote with reference to the investigations that it had not been found possible 
to get experimental conditions under which the stress relaxation would proceed 


TABLE 27 


INITIAL PROPERTIES OF SULFUR AND THIURAM VULCANIZATES 
WITH AND WITHOUT AGE RESISTOR 


1545 1546 1548 1549 
Colloidal sulfur, 88 to 90% 1.5 1.5 — -~ 
Zine ethylphenyldithiocarbamate 1.0 1.0 — — 
MBT 0.15 0.15 
DPTT 1.5 1.5 
TMTD 0.5 0.5 
MBTZn — — 1.0 0.75 
ZnO 2.75 2.75 4.0 4.0 
ZnO-H,O 0.4 0.4 
TiO: 6.0 5.5 4.0 4.0 
SiO, 0.5 0.5 
Antiager BKF 0.5 
Antiager MBIZn 0.5 

Cured 3 hours 90° C 

T.S., kg/sq em 432 404 400 404 
E/B, % 688 661 670 656 
SV, 400%, kg/sq em 40.4 37.9 41.0 40.0 


a 
ig 
gta 
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100 


75 


% + 0.5% BKF 
1.5 %S, no AO 
1946 

1845 


a. 4 7 
AGING TIME at 100°C -DAYS 


Fig. 17.—Residual tensile strength of two sulfur and thiuram vulcanizates, with and without 
antioxidant (AO), aged in stages at 100° C (with reference to Table 27). 


RESIDUAL TENSILE, % 


as a zero order reaction. This would be very difficult with threads, which like 
thread stock 1507 would be essentially thiuram vulcanizates, because they 
are exceptionally aging-resistant. But also thread stock 2225 could not be 
measured according to zero order, which may be connected with the fact that 
this vulcanizate contains DNP antiager. For this reason the half-value times 
(the times for the relative stress to die away by 50%) were taken as a basis in 
both cases. The experiments were carried out in oxygen and in the temperature 
range between 100° and 160° C. Table 23 compared the relaxation half-value 
times for the two thread stocks and shows that the aging rates differ by roughly 
a factor of 6. 

On the effect of age resistors.—In order to test whether a reduction in the rate 
of aging of thiuram vulcanizates is possible by means of the addition of age 
resistors, we added combinations of the antiagers DDA and ARW in a further 
series of experiments. The aging was continuous, for 3 days at 100°, 6 days 
at 90° and 12 days at 80° C. The results are shown in Table 24, from which 
we see that the antiager additions bring no improvement in the aging behavior, 


150 no S, no AO 
1546 
no S$, 0.5% MBTZn 


a 


x 
%oS + 0.5% BKF 
1846 
Nast: no AO 


RESIDUAL STRESS, % 
a 8 
an 


L 
7 
AGING TIME at 100°C -DAYS 


3 


Fic. 18.—Residual stress values of two sulfur and thiuram vulcanizates with and without 
antioxidant (AO), aged in stages at 100° C (with reference to Table 27). 
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TABLE 28 


ReEsIpUAL TENSILE STRENGTH AND STRESS VALUE OF AGED SULFUR 
AND THIURAM VULCANIZATES WITH AND WITHOUT 
Ace Resistor, UnNnaGep = 100 


1573 1574 1575 


Colloidal sulfur 1.5 1.5 1.5 
MBIZn — 1.0 — 
BKF 1.0 
SiO, 2.0 2.0 2.0 


28 days 70°C 5: 3 86 144 
lday 100°C ‘ | 2 87 j 123 
2 days 100° C 84 «131 
4 days 100° C ‘ ‘ 75 141 
7 days 100° C ‘ : 66 138 

14 days 100° C : 32 138 


whether we use ARW or DDA or a combination of them. The amount of the 
age resistor likewise seems to have no influence. This is further confirmation 
of the investigations and conclusions of Ossefort, Shaw and Bergstrém’ accord- 
ing to whom the choice of a “good” vulcanization system is more important 
for the aging resistance than the employment of age resistors. 

On the effect of the zinc salt of mercaptobenzimidazole.—After the negative 
result with the two antiagers referred to, experiments were carried out with 
the zinc salt of mercaptobenzimidazole, MBIZn, whose specific effect in 
thiuram stocks is well known. In a preliminary experiment we obtained the 
aging figures shown in Table 25. The results encouraged us to further experi- 
ment along these lines. Table 26 likewise shows that even as little as 0.5% 
of MBIZn has a distinct effect. We carried out a series of experiments with 
two specimens crosslinked with sulfur and two with thiuram compounds, and 
of these the one specimen with no antiager, the other with BKF or MBIZn 
antiager, which were aged in stages for up to 7 days at 100° C. It is note- 
worthy that, as we see from Table 27, all four vuleanizates, which were heated 
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Fic. 21.—Residual tensile strength of thiuram vulcanizates with l or bined addition of MBIZn 
and SiO», aged by stages at 100°C. Note: MBTZn on aie figure should read MBIZn. 
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Fic. 22.—Residual tensile strength of thiuram vulcanizates with and without antiager (AO) in the 
5 XS a aged in stages at 100° C (with reference to Table 29). Note: MBTZn on this figure should 
read } n. 


under the same conditions of temperature and time, have likewise the same 
initial properties. Figure 17 immediately shows the pronounced difference 
between the two types of vulcanizate: whereas with the sulfur vulcanizates 
(1545 and 1546) the tensile strength falls to below 20% of the initial value after 
7 days’ aging, the thiuram vulcanizates (1548 and 1549) still retain more than 
60% of their tensile strength after the same period. Another typical feature 
is the change in stress values, Figure 18 shows that with the sulfur specimens 
the stress value increases at first, then decreasing continuously as the aging 
time increases, while the thiuram specimens increase their stress value con- 
tinuously up to the end of the aging time. Table 28 gives the results of a 
further similar series of experiments in which MBIZn was used in one of the 
sulfur stocks. The aging time at 100° C was extended to 14 days. In parallel 
with this there was an accelerated aging over a period of 28 days at 70° C. 
We see from Table 28 that at this low temperature of aging MBIZn has no 
effect whatever, whether in the sulfur-crosslinked specimens (1573 to 1575) 


100 


'% MBTZn 


1554 


1% BKF 


no AO 


1653 
1558 


RESIDUAL TENSILE, % 


| l 

12 4 7 14 

AGING TIME at 100°C -DAYS 

Fic. 23.—Residual tensile strength of thiuram vulcanizates with and withou tantiager (AO) with 


1 Os aged in stages at 100° C (with reference to Table 29). Note: MBTZn on this figure should read 
n. 


100 
75 
4 
an '% MBTZn 
SN 
50 
no AO a 
4 
F 
25 1563 
1865 
12 4 7 
|_| 
Son 
75 
50 
25 


SILICA UPON THE THERMAL AGING OF LATEX 851 


TABLE 29 


PATTERN OF FoRMULAS OF Four SERIES OF EXPERIMENTS WITH THIURAM 
VULCANIZATES WITH INCREASING AMOUNT OF S1O2 AND OPTIONAL 
AppiT1I0oNs oF MBIZN anp BKF 


SiO: TiOs MBIZn BKF 

Mix No. (%) (%) (%) (%) 
1563 0 4 0 0 
1564 0 4 1 0 
1565 0 4 0 1 
1553 1 3 0 0 
1554 1 3 1 0 
1555 1 3 0 1 
1560 2 2 0 0 
1561 2 2 1 0 
1562 2 2 0 1 
1566 4 0 0 0 
1567 4 0 1 0 
1568 4 0 0 1 


or in those crosslinked by the thiuram compounds (1576 and 1577), while at 
100° C the reduction in the rate of aging is all the more evident—a confirmation 
of the well-known suitability of MBIZn as an antiager for heat-resistant 
thiuram stocks with sulfur-free vulcanization. Equally impressive is the 
picture of the alteration in the stress values, at 100° C. 

The effect of high activity silica in the presence of the zinc salt of mercapto- 
benzimidazole——In order to show whether comparatively small additions of 
high-activity silica to thiuram stocks containing MBIZn give a further increase 
in the aging resistance of the vulcanizates, we carried out a number of experi- 
ments with the following basic formula: 


DPTT 1.5% 
TMTD 0.5% 
MBTZn 1% 
ZnO 5% 
TiO, + SiO, 4% 
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Fic. 24.—Residual tensile strength of thiuram vulcanizates with and without antiager (AO) with 
27 iOn aged in stages at 100° C (with reference to Table 29). Note: MBTZn on this figure should read 
n. 
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Fic. 25.—Residual tensile strength of thiuram vulcanizates with and without antiagar (AO) with 
if He». aged in stages at 100° C (with reference to Table 29). Note: MBTZn on this figure should read 
n. 


Vulcanization was for three h at 90° C in air. In these experiments the aging 
time at 100° C was extended generally to 14 days, in order to get clear differ- 
entiation. Figure 21 shows the very marked effect of only 1% of silica in a 
MBIZn free stock according to the basic formula in question, but also shows 
that in the presence of MBIZn the corresponding interpretation is not possible. 

Table 29 gives the pattern of the formulas for four sets of experiments with 
thiuram vulcanizates on the formula referred to. Figures 22, 23, 24 and 25 
show that the vulcanizate with MBIZn has in every case the highest aging 
resistance and that there is no noticeable difference in the pattern of aging of 
the vulcanizates without antiager and with BKF. Figure 26 shows the drop 
in the tensile product with time for the specimens in Table 29 containing MBIZn 
and the surprisingly good result with the vulcanizate containing only 1% silica 
is evident. In connection with this it must be mentioned that in specimens 
using different batches of latex it was not only possible to get different initial 
properties, but also different rates of aging. The use of accelerators of different 
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Fie, 26.—Residual tensile product of thiuram vulcanizates with 1% MBIZn in the presence 
of increasing amounts of SiOz, aged in stages at 100° C (with reference to Table 29). 
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Fic. 27.—Residual tensile product of thiuram vulcanizates with 1% MBIZn 
in the presence of increasing amounts of SiO». 


origin also has similar effects. Comparison based on Figure 26 is bound to 
lead to false conclusions, since the specimens in the last series of experiments 
came from different batches of latex, and in one case the TMTD used was 
Vulkacit Thiuram (Bayer), in the other Thiuram M (du Pont). Therefore 
the series of experiments corresponding to Figure 26 were repeated using one 
and the same latex batch and vulcanizing agents of the same firm. The result 
is shown in Figure 27. We see that up to an aging time of 4 days the specimens 
with silica behave better than that without, and that up to an aging time of 
11 days the vulcanizates containing 2 and 4% of silica hold their own well 
against the silica-free vulcanizates. Figures 28 and 29 are also very informa- 
tive; they show that with increasing silica content the degree of stiffness 
decreases, it being noticeable that with the MBIZn-containing vulcanizates as 
little as 1% silica reduces this stiffening considerably. A similar, if not so 
pronounced, picture is given in Figure 30, for a series of experiments repeated 
on the same latex batch. 
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Fie. 28.—Residual stress values of thiuram vulcaniza’ ithout anti in the prese 
of increasing amounts of SiOz with, ene to Table 29). 
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Fic. 29.—Residual stress values of thiuram vulcanizates with 1% oh in the presence 
of increasing amounts of SiO: (with reference to Table 29 


In order to get a clear picture of the effect of a silica addition to stocks 
containing MBIZn, 6 completely similar series of experiments were carried out 
with 4 different stocks from different latex batches, namely with the above 
mentioned basic formula two stocks without MBIZn, the first without and the 
second with 3% silica, and then two stocks with 1% MBIZn with the first 
without and the second with 3% silica. Here again, as in the previous series 
of experiments, the TiO2 amounts were reduced by the amount of SiO» added 
in each case, in order to rule out the ‘filler effect’; the amount of TiO, + SiO. 
was 4% in every case, so that the silica-free stocks contained 4% titanium 
dioxide while those with 3% silica contained only 1%. The results of the six 
series of experiments confirm each other very clearly: 3% of silica noticeably 
improves the already outstanding age resistance of the thiuram vulcanizate 
containing MBIZn. The aging data for the last three series of experiments 
are averaged and collated in Table 30. 

They show the effect of silica in slowing down the rate of aging, both in the 
absence and the presence of MBIZn, and it is noteworthy that even if the 
protective effect of the 1% MBIZn looked at on a long term basis is greater 
than that of 3% silica, silica itself is more effective in the initial stage of aging 
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Fic. 30.—Residual stress values of thiuram vulcanizates with 1% —' in the presence 
of increasing amounts of SiO:2, aged in stages a’ 
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TABLE 30 


AVERAGE VALUES OF THREE SERIES oF AGING EXPERIMENTS, 
1612-1617, 1621-1624 aNp 1637-1640 


a) Residual tensile strength, %, of thiuram vulcanizates after aging for 


7 days at 100° C 
without MBIZn, 3% SiO, 
58 


1% MBIZn 1% MBIZn, 3% SiO: 
64 72 


14 days at 100° C 
without MBIZn, 3% SiO: 
30 


1% 3% SiOz 


1% MBIZn 
53 


b) Time in days necessa ry for 30, 40, 50, 60 and 70% loss in tensile product at an aging 
temperature of 100° 


Loss, % 30 40 50 60 70 
without MBIZn 
without SiO, 0.4 0.9 1.9 3.6 6.4 
without MBIZn 
3% SiOz 3" 3.6* 5.3 8.2 (9.6) 
1% MBIZn 
without SiO, 1.0 22 6.0 13.8 --- 
1% MBIZn . 
3% SiOz 1.7 5.8 11.8 (19.2) a= 


c) Time in days ez] for 30, 40, 50, 60 and 70% loss in tensile strength at an aging 
temperature of 100 


Loss, % 30 40 50 60 70 
without MBIZn 
without SiO, 1.2 2.5 4.4 7.8 11.3 
without MBIZn 
3% SiO: 4.4* 6.6 9.1 11.6 (12.3) 
1% MBIZn 
without SiO, 3.7 9.5 16.2 
1% MBIZn 
3% SiOz 8.0 13.4 (17.9) — —~ 


than is the antiager MBIZn. This is shown by the asterisks in Table 30 which 
shows the averaged values of the three series of experiments. 
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STABILIZATION OF NEOPRENE. I. PROTECTION 
OF LATEX FILM AGAINST DISCOLORATION 
BY LIGHT * 


R. O. Becker AND K. L. SELIGMAN 


EvastoMeR CHEMICALS DeparTMENT, E. I. pu Pont Nemours & Company, 
WILMINGTON, DELAWARE 


INTRODUCTION 


Neoprene vulcanizates tend to discolor when exposed to light. Pastels 
turn yellow and eventually brown if exposed long enough to rays from the 
sun or a sunlamp, even through glass. Products made from latex are more 
prone to darken than are the vulcanizates of dry mixes. The quality of neo- 
prene products is not affected by discoloration per se, but for aesthetic reasons 
it is desirable to minimize coior change. 

Much research effort has been directed in the past toward improving the 
stability of neoprene vulcanizates to discoloration on exposure to light. Walter, 
Mantell and Gladding’ reported that the presence of oxygen was essential 
for neoprene to discolor in light. Forman and Torrence! showed that nickel 
dibutyldithiocarbamate significantly inhibited discoloration but its green color 
and high pigmentation effect limited its use to mass toned articles. Walter® 
showed that o-benzylhydroxylamine had merit as a discoloration inhibitor for 
neoprene. 

Thompson, Baker and Brownlow‘ and later Murray? have shown that 
certain unsaturated vecet:.ble oils enhance significantly the ozone resistance of 
neoprene. Because bot!: the discoloration of neoprene and attack by ozone 
are known to involve an oxidation phenomenon and may be indirectly related, 
and because vegetable oils are known to interfere with ozone attack, it was 
decided to study them as neoprene discoloration inhibitors during exposure to 
light. 


PROCEDURE 


Sample preparation.—Specimens used for most of the work reported herein 
were prepared by coating a 16 ounce rayon fabric with the neoprene latex 
compound to be studied. When other physical properties than color stability 
were desired films were prepared by coagulant dipping. 

The fabric to be coated was placed on a glass plate and secured on the edges 
with masking tape. The latex compound was poured across the top edge of the 
fabric, and a Gardener knife was used to draw the compound down the length 
of the fabric. The knife clearance was set to give a coating thickness of 8 mils 
after drying. The coated fabric samples were dried at room temperature for 
1 hour, then hung in an air oven at 100° C for 15 minutes to complete the drying. 

Films were prepared on 2-inch diameter by 8-inch high glass tubes using the 
Anode dipping process®. A mixture of equal parts of acetone and methanol 

* Contribution No. 181 from the Elastomer Chemicals Department presented before the Division of 
Rubber Chemistry, Louisville, Kentucky, April, 1961. 
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containing 10% each of calcium chloride and calcium nitrate was used as the 
coagulant. The wet coagulated films were leached for 2 hours in water at 
40° C, then dried overnight at room temperature and 3 hours at 70° C in an 
air oven. The films were cured in an air oven as specified in the data that 
follows. 

Test methods.—Color stability was determined by sunlamp exposure (ASTM 
D-925-55, Method B, Migration Stain 6b), indoors behind a window facing 
south in Delaware and Texas, and outdoors in Delaware. Stress-strain 
properties were determined by ASTM D-412-51. Heat aging was done in 
accordance with ASTM D-573-53. The brittleness temperature was deter- 
mined by ASTM D-746-55. Ozone resistance was determined on }” by 6” 
strips of film from latex at 20% stress in an ozone concentration of 3 parts per 
million. 

Materials.—The following commercial materials were used as compounding 
ingredients throughout this investigation: 


Sodium dibutyldithiocarbamate—Tepidone, E. I. du Pont de Nemours & Co. 

Tetraethylthiuram disulfide (TETD)—Thiuram E, E. I. du Pont de Nemours 
& Co. 

“‘Hindered phenol’’—Zalba Special, E. I. du Pont de Nemours & Co. 

Raw linseed oil, Spencer Kellogg and Sons, Inc. 

Olive oil, H. J. Baker and Bro. 

Palm oil, Pacific Vegetable Oil Corp. 

Raw tung oil, Merchant Products Corp. 

Safflower oil, nonbreak, Pacific Vegetable Oil Corp. 

Dibutyl tin dilauryl mercaptide—Thermolite 20, Metal and Thermit Corp. 

Epoxy resins—Epon 828, Shell Chemical Co.; Paraplex G-62, Rohm & Haas Co. 

Thiocarbanilide—Accelerator A-1, Monsanto Chemical Co. 

Zine dibutyldithiocarbamate—Butyl Zimate, R. T. Vanderbilt Co. 

Polyalkyl phenol—Agerite Superlite, R. T. Vanderbilt Co. 

Styrenated phenol—Wingstay 8, Goodyear Tire & Rubber Co., Chemical Div. 

2,2’-methylene-bis (4-methy]-6-t-butyl phenol)—Antioxidant 2246, Caleo Div., 
American Cyanamid Co., Rubber Chemicals Dept. 

2,2’-methylene-bis (4-ethyl-6-t-butyl phenol)—Antioxidant 425, Caleo Div., 
American Cyanamid Co., Rubber Chemicals Dept. 


RESULTS 


Zine oxide and antioridant.—Zinc oxide and antioxidants are used in almost 
all neoprene compounds to provide adequate resistance to the deteriorating 
influences of heat and oxygen. Zinc oxide also is a curing agent and functions 
as an acid acceptor for the trace amounts of HCI released from neoprene during 
cure and aging. The effect of zinc oxide and antioxidant on the discoloration 
of neoprene latex films in light was studied first. Many very good antioxidants 
such as the amine types, themselves, seriously discolor elastomers when 
exposed to light. A nondiscoloring hindered phenol type, therefore, was used. 
Samples comparing Neoprene Latex 842A uncompounded, 842A with 5 parts 
of zine oxide, and 842A with 2 parts of nondiscoloring antioxidant are shown 
in Figure 1 before and after exposure under a sunlamp for 12 and 24 hours. 
Surprisingly, in spite of its known stabilizing effect against oxygen, zine oxide 
did not inhibit discoloration in light. The antioxidant did have a pronounced 
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842-A + ANTIOXIDANT 


HOUR SUNLAMP EXPOSURE 


Fig. 1. 


stabilizing effect, however. All subsequent studies, therefore, were made using 
compounds containing 2 parts of a hindered phenol type antioxidant. 
The following base compound was used in subsequent studies: 


Neoprene from latex 100 
2 


Hindered phenol type antioxidant 
Zinc Oxide 10 
Titanium Dioxide 20 


The zine oxide was included for curing and good oxidation resistance and 
the titanium dioxide for uniform original whiteness. 


EFFECT OF LINSEED AND TUNG OILS 
842-A 
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Linseed and tung oils.—Linseed and tung oils were studied first at the 15 
part level in Neoprene Latex 842A using the base compound shown above. 
Samples of fabric coated with these compounds after exposure for 24, 48 and 
96 hours under the sunlamp are shown in Figure 2. Both of the oils minimized 
discoloration markedly, tung more so than linseed oil. These oils, which are 
triglycerides of unsaturated fatty acids with three double bonds, tend to discolor 
themselves and this may have masked their full benefit as discoloration in- 
hibitors in neoprene. 

Degree of unsaturation.—To study the effect of the degree of unsaturation 
of the oil on discoloration of neoprene in light, a series of vegetable oils of 
increasing degree of unsaturation in the fatty acid radical was tried next. 
Palm oil, predominately palmitic acid triglyceride (unsaturated); olive oil, 
predominately oleic acid triglyceride (singularly unsaturated) ; safflower oil, 


EFFECT OF INCREASING UNSATURATION 
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predominately linoleic acid triglyceride (doubly unsaturated); and tung oil,. 
predominately eleostearic acid triglyceride (conjugated triply unsaturated), 
were added to a Neoprene Latex 842A compound in the amount of 15 parts. 
The effect of sunlamp exposure on these films before and after 24, 48 and 96 
hours is shown in Figure 3. Each oil had some stabilizing influence, but 
stability increased with increasing unsaturation up to two double bonds 
(safflower oil). Tung oil was about equivalent to safflower oil, but showed no 
further improvement from the increased unsaturation. Because safflower oil 
is essentially odorless and readily available, it was selected for further in- 
vestigation in preference to tung oil. 

Amount of safflower oil.—The effect of the amount of safflower oil on the 
discoloration of Neoprene Latex 842A on exposure to light was studied next. 
Sunlamp exposures showing a control with no oil compared to samples with 
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Fie. 4. 


2, 5, 10, 15 and 25 parts of safflower oil are shown in Figure 4. Resistance to 
discoloration increased wjth increasing oil up to 15 parts beyond which no 
significant advantage was noted. A concentration of 15 parts therefore was 
used in further studies. 
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Linoleic acid and derivatives.—A study to determine the relative effect of the 
various structural components within the linoleic acid triglyceride molecule on 
discoloration in light was made next. Linoleic acid, its methyl ester and zinc 
salt were evaluated at the 15 part level in a Neoprene Latex 842A compound. 
The results after sunlamp exposure for 24, 48 and 96 hours compared to 842A 
samples containing 15 parts of safflower oil are shown in Figure 5. Note that 
methyl linoleate offered just slightly less protection than did safflower oil. 
Linoleic acid and zinc linoleate had some activity, but it was of a low order. 
Apparently the ester linkage as well as the linoleate radical has a considerable 
influence in inhibiting discoloration of the neoprene compounds in light. 

Effect of antioxidants—Several antioxidants were compared next in the 
presence of 15 parts of safflower oil for their effect on the discoloration of 
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Neoprene Latex 842A compounds. 2,2’-Methylene-bis(4-methyl-6-t-butyl 
phenol), 2,2’-methylene-bis (4-ethyl-6-t-butyl phenol), a polyalkyl phenol, a 
styrenated phenol and an activated hindered phenol are compared at the two 
part level after sunlamp exposure in Figure 6. A styrenated phenol, when 
used in combination with safflower oil appeared to give the best protection 
against discoloration after exposure under a sunlamp. These results proved 
to be misleading, however. The samples, before and after exposure for 6 
months indoors in a window subject to the rays of sunlight in Delaware, are 
shown in Figure 7. It became evident that the methylene-bis(ethyl butyl 
phenol) offered the best protection against discoloration to natural light, 
followed closely by the methylene-bis (methyl butyl phenol). The other 
antioxidants were all about equivalent, and offered less protection. 

Other stabilizers—Many commercially available stabilizers for chlorine- 
bearing polymers have been evaluated in the past for their effect on the stability 
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of neoprene against discoloration during exposure to sunlight. None of the 
ultraviolet absorber types and few of the organo-metallic compounds tried 
were of significant value. Ultraviolet absorbers actually increased the rate of 
discoloration by interfering with the normal bleaching action of sunlight on 
light-colored neoprene samples. Three stabilizers which did inhibit dis- 
coloration were butyl tin dilauryl mercaptide, dibutyl tin dilaurate and liquid 
epoxy resins. Their effects on an 842A latex compound at the 15 part level 
compared to 15 parts of safflower oil are shown in Figure 8 after sunlamp ex- 
posure for 24, 48 and 96 hours. Although essentially as effective as safflower 
oil in preventing discoloration, their use in the required amounts generally may 
be regarded as impractical because they retard the cure of neoprene. 
Synergism.—Combinations of stabilizers have been known to exhibit 
synergism with respect to the stability of light-sensitive materials. Dibuty! 
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tin dilauryl mercaptide, dibutyl tin dilaurate, and a liquid epoxy resin were 
studied in combinations with safflower oil in neoprene for evidence of a syner- 
gism. The effects of 5, 10 and 15 parts of safflower oil in combination with 2 
parts of dibutyl tin dilaurate were studied in comparison to those of 15 parts of 
safflower oil without the dilaurate in a Neoprene Latex 842A compound. 
Results after exposure for 24, 48 and 96 hours under the sunlamp are shown in 
Figure 9. Synergism was evident by the fact that 5 parts of safflower oil and 
2 parts of dibutyl tin dilaurate were as effective in reducing discoloration as 15 
parts of safflower oil. 

Accelerators and Curing Conditions.—Many different accelerator combina- 
tions, curing times and temperatures are used for neoprene latex products. 
The following three commonly used accelerator combinations were evaluated 
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for their effect on the discoloration of a Neoprene Latex 842A compound 
containing 15 parts of safflower oil: 


1. Sodium dibutyldithiocarbamate 1 part 
Thiocarbanilide 1 part 


2. Sodium dibutyldithiocarbamate 1 part 
Tetraethylthiuram disulfide 1 part 


3. Zinc dibutyldithiocarbamate 2 parts 


The samples and an unaccelerated control were cured for 60 minutes at 120° C 
and exposed in a Weather-O-Meter (dry) for 24, 48 and 96 hours. Results are 
shown in Figure 10. Note that the accelerator systems studied did not ap- 
preciably affect discoloration. 
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The effect of curing temperature was studied next. A Neoprene Latex 
842A compound containing safflower oil and accelerated with one part each of 
sodium dibutyldithiocarbamate and thiocarbanilide was cured at 100° C, 
120° C, and 140° C. Results are shown in Figure 11 before and after exposure 
in a Weather-O-Meter for 24, 48 and 96 hours. Note that up to 120° C, curing 
temperature did not affect discoloration, but at 140° C some discoloration in 
light resulted. 

Neoprene latex types.—The initial color and tendency to discolor in light is 
known to vary with the type of neoprene latex used. Neoprene Latex 400 is 
the most resistant to discoloration of all the types, followed in order by Neo- 
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prene Latexes 750, 842A and 571. When compounded with safflower oil, their 
relative positions with respect to discoloration remained unchanged as shown 
in Figure 12. 

Natural rubber, SBR and NBR latexes.—The effect of safflower oil on the 
discoloration of natural rubber, SBR and NBR latex compounds in sunlight 
was studied next. Products made from these elastomers generally have been 
considered more resistant to discoloration on exposure to light than products 
made from neoprene. Specimens before and after six months exposure in 
sunlight indoors behind glass in Delaware are shown in Figure 13. It will be 
noted, first, that safflower oil did not appear to affect the discoloration of SBR 
or NBR compounds. Neither did it affect natural rubber which, with or 


COMPARISON WITH OTHER ELASTOMERS 


NEOPRENE 842-A + SAFFLOWER OIL 


+ SAFFLOWER OIL (15) 


SBR 2002 

SBR 2002 + SAFFLOWER OIL (15) 
HYCAR 156! 

HYCAR 156] + SAFFLOWER OIL (158) 


6 MONTHS 
EXPOSURE TO NATURAL LIGHT BEHIND GLASS 


Fig. 13. 


without safflower oil, discolored the least. Neither natural rubber specimen is 
shown—they became very gummy. Of particular note is the fact that the 
neoprene specimen protected with safflower oil resisted discoloration as well 
as any of the SBR or NBR specimens. 

Effect of safflower oil on physical properties —Organic fluids, if compatible, 
generally function as plasticizers for neoprene compounds; reducing modulus, 
tensile strength and increasing the elongation at break. Safflower oil reduced 
modulus and tensile strength as expected but did not affect the elongation at 
break as shown by the stress-strain data in Table I for Neoprene Latex 842A 
films containing 0, 5, 10 and 15 parts of safflower oil. 

Safflower oil markedly enhanced the resistance of neoprene to heat aging 
as shown by the stress-strain data in Table I after aging specimens in an air 
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TaB_e 
Srress-STRAIN PRopeRTIES OF NEOPRENE LaTex 842A 


Neoprene 842A (solids basis) 100 100 
Aquarex SMO 3 3 
Antioxidant 2 2 
Zinc oxide 10 10 
Titanium dioxide 20 20 
Tepidone 1 1 
Thiocarbanilide 1 1 
Safflower Oil None 10 15 


Coagulant dipped films, leached in water 2 hours at 40° C, dried 4 hours at 70° C, 
and cured 60 minutes at 120° C. 


Stress at 300% elongation, psi 
Original 
Aged 7 days at 100° C 
Aged 14 days at 100° C 
Tensile strength, psi 
Original 
Aged 7 days at 100° C 
Aged 14 days at 100° C 
Ultimate elongation, % 
Original 
Aged 7 days at 100° C 
Aged 14 days at 100° C 


oven for 7 and 14 days at 100° C. This phenomenon will be the subject of a 
subsequent paper*. Other effects of safflower oil shown in Table II are in- 
creased resistance to ozone attack and reduced brittleness temperature. 

Fungus attack.—Vegetable oils are known to be nutrients for fungi. It is 
not surprising, therefore, that neoprene vulcanizates containing them develop 
a fungus growth on outdoor exposure, although none has been observed indoors. 
Neoprene compounds containing vegetable oils are not suggested for use where 
exposure conditions are conducive to fungus growth. A search for an effective 
fungicide as well as other effective stabilizers against discoloration in light that 
are non-nutrients is in progress. 


ABSTRACT 


The tendency for light-colored neoprene vulcanizates made from latex to 
discolor when exposed to light was inhibited markedly by compounding with 
triglycerides of long chain fatty acids in combination with non-discoloring 
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antioxidants. Effectiveness increased with the degree of unsaturation of the 
fatty acid up to two double bonds (safflower oil). Resistance to discolorations 
increased with increasing amounts of oil up to 15 parts. Both the ester linkage 
and the degree of unsaturation in vegetable oil appeared to influence stability 
in light. Organo tin compounds were found which functioned synergistically 
with safflower oil. Discoloration of safflower oil stabilized neoprene latex 
compounds was not affected appreciably by commonly used acceleration 
systems, nor by varying the curing conditions up to 120° C. Safflower oil 
reduced discoloration in all neoprene latex types. Neoprene latex compounds 
containing safflower oil discolored in sunlight no more than those of SBR or 
NBR latex. Safflower oil did not affect the discoloration of natural rubber, 
SBR or NBR latex compounds in sunlight. 

Other effects of safflower oil on the cured properties of neoprene latex films 
were reduced modulus and tensile strength but without change in elongation, 
enhanced heat and ozone resistance and lower brittle temperature. 
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STABILIZATION OF NEOPRENE. II. PROTECTION 
OF NEOPRENE VULCANIZATES AGAINST 
HEAT AGING * 


K. L. SELIGMAN AND P. A. RovussEL 


E. I. pv Pont pe Nemours & Company, Inc., Erastomer Cuemicats DEPARTMENT, 
WILMINGTON, DELAWARE 


INTRODUCTION 


Neoprene, a high molecular weight elastomeric polymer of 2-chlorobuta- 
diene-1,3 (chloroprene) has been used for many years in applications where a 
high degree of heat resistance was required in combination with oil and ozone 
resistance, as well as a high level of elastomeric properties. Research efforts 
have been directed to improve the heat resistance of neoprene and have 
provided two stabilizing systems of general applicability. The first of these 
resulted from the discovery' that high molecular weight aliphatic esters, 
particularly fatty acid glycerides, greatly improve the resistance of neoprene 
toward sunlight discoloration. Esters used to improve the heat resistance of 
neoprene must be inert when exposed to elevated temperatures. From results 
to be cited it appears that physical or chemical behavior which reduces the 
effectiveness of the ester as a plasticizer also reduces the effectiveness as a 
stabilizer. In order to be useful, these esters should have: (1) a low degree of 
volatility and (2) little tendency to air-oxidize and crosslink. Certain readily 
available, naturally occurring fatty acid glycerides such as safflower and rape 
seed oil are particularly attractive. 

The second stabilizing system is based upon the hypothesis that oxidative 
degradation during the heat aging of neoprene is connected with labile chlorine 
sites formed by the 1,2-polymerization of chloroprene*. The bis-alkylation 
theory of neoprene vulcanization® ‘ stipulates that these sites are also involved 
in the cure. Incomplete removal of these labile chlorines during cure leaves 
residual moieties prone to undergo several different kinds of oxidative attack. 
Exhaustive removal of the labile chlorines with either a high curative level or 
an auxiliary reagent capable of reacting with residual labile chlorines brings 
about an improvement in the heat resistance of neoprene. Dodecyl mercaptan 
has been found to be of value as such an auxiliary reagent. 


EXPERIMENTAL 


Materials.—All chemicals and compounding ingredients used were of com- 
mercial quality. The trivial and trade names, chemical equivalent, and source 
of supply for these are: 


Neoprene Type W, E. I. du Pont de Nemours & Co. 
NA-22, ethylene thiourea, E. I. du Pont de Nemours & Co. 

* Paper presented before the Division of Rubber Chemistry, American Chemical Society, April 19-21, 
1961, Louisville, Ky. Contribution No. 109. The address of the senior author is now the Beaumont 
Works of the E. I. du Pont de Nemours and Co., P. O. Box 3269, Beaumont, Texas. 
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Neozone A, N-phenyl-1-naphthylamine, EK. I. du Pont de Nemours & Co. 
Safflower oil, glyceride with 76% linoleic acid, 14% oleic acid, 4% stearic acid 
and 6% palmitic acid. Sepelied E. F. Drew & Co., New York, N. Y. 
Rape seed oil, glyceride with 51% erucic acid, 8% linolenic acid, 14% linoleic 

acid, 17% oleic acid, 2% saturated acid. Supplied by E. F. Drew & Co., 

New York, N. Y. 

Aranox, p-(p-tolylsulphonylamido)diphenylamine, Naugatuck Chemical, Div. 
of U.S. Rubber Co., Naugatuck, Conn. 

Octamine, condensation product of diphenylamine and di-isobutylene, Nauga- 
tuck Chemical, Div. of U. 8. Rubber Co., Naugatuck, Conn. 

Naphthenie petroleum oil, Circo Oil, Sun Oil Co., Philadelphia, Pa. 

Aromatic petroleum oil, Sundex 85, Sun Oil Co., Philadelphia, Pa. 

Test methods.—All tests were carried out by standard ASTM procedures. 
All aging evaluations were carried out according to the ‘Method of Heat 
Aging of Vulcanized Natural or Synthetic Rubber by Test Tube Method”, 
ASTM D865-57. 

Compound formulations —Four compounding formulations were employed 
with this work. They are given in Table I. The stocks were cured for either 
30 or 40 minutes at 153° C. 

Stabilizing effect of esters—The resistance of neoprene toward heat aging 
can be markedly improved by incorporation of esters into the compound. 
Concentrations of the order of 15 phr have been employed. Threc types of 
high molecular weight esters have been evaluated. They are: (1) the mono- 
esters, shown as compound A, of which methyl oleate and methyl stearate are 
representative, (2) the triesters, Compound B, represented by the glycerides 
and (3) the tetraesters, Compound C, i.e., pentaerythrityl tetrastearate. 


Compound A Compound B Compound C 
O 


R 
| 


CH; O 


b=0 


R 


The change of the two important properties affected by the heat aging pro- 
cess, i.e., modulus and elongation at break, were determined periodically by 
obtaining stress-strain data on vulcanized stocks aged at 121°C. For brevity, 
only the relative elongation at break will be discussed; none of the conclusions 
would be altered by considering the rate of change in the modulus. Changes 
in the values of these and other stress-strain properties for selected compounds 
are shown in Table III. 

Figure 1 presents data on the aging of 121° C of clay filled stocks containing 
a number of esters. The relative elongation at break is plotted vs. days at 
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TaBLe I 
CoMPOUNDING FoRMULATIONS 
Black stocks 
Gum stock Clay stock r A ~ 
Compound A Compound B Compound C Compound D 


Neoprene Type W 100 100 
Neozone A 2 


100 
3 
Aranox 
Octamine 
Stearic acid 0.25-0.5 
Paraffin wax - 1 
Petrolatum 1 
Clay 

MT carbon black 

Atomite whiting 

MgO 


10 
As shown 
1 


12 
As shown As shown As shown 


121° C. When plotting aging data of neoprene in this manner, it is usually 
observed that the elongation at break does not change quickly during the 
early stages of the aging process. After this “induction” period a much more 
rapid change in the elongation at break occurs followed by a decrease in the 
rate with prolonged aging. This behavior is well illustrated by the control 
stock in Figure 1 which contains 12 phr of process oil. 

It has usually been observed that materials which are effective in improving 
the heat resistance of neoprene do so by prolonging the initial induction period ; 
they have little effect on the rate of change of the elongation at break once the 


AGING OF CLAY FILLED STOCKS 


CIRCO OIL 


SAFFLOWER OIL 


RETAINED 


RAPE SEED OIL 


% OF Ey 


DIETHYL MALONATE 


Nn 


PENTAERYTHRITYL TETRASTEARATE 
| pHR NA-22 
CURE : 40'7153°C 

METHYL OLEATE 


10 15 
DAYS AT 


871 
As shown 1 a 
As shown 4 
0.5 
ag 
50 
4 4 
ZnO 5 10 
Circo Oil hese 
Sundex 85 
NA-22 
75 
= 
15 
20 
Fie. 1, 


872 RUBBER CHEMISTRY AND TECHNOLOGY 


induction period is terminated. These considerations are of practical im- 
portance, since the initial period during which little change occurs in the 
properties of the finished neoprene article can be extended considerably by the 
use of stabilizers. 

It can be seen from Figure 1 that the relatively low molecular weight esters, 
methyl] oleate and diethyl malonate, enhance the heat resistance during the 
early stages of aging, but offer little improvement with prolonged aging. It is 
believed that these esters are volatilized on prolonged heat aging whereby the 
vulcanizate loses its stabilizer as well as its plasticizer. The esters having a 
lower degree of volatility, such as safflower oil, rape seed oil and pentaerythrityl 
tetrastearate, do improve the heat resistance of neoprene. They are particu- 
larly effective in prolonging the initial time interval during which the elongation 
at break changes relatively little. 

A hypothesis for the difference in the behavior of these high molecular 
weight esters is based upon the degree of unsaturation of these esters and their 
tendency to air oxidize and crosslink. Air-oxidation and crosslinking are 
typical of the unsaturated fatty acid glycerides and it is this property which 
makes them highly valuable as drying oils. Support for this hypothesis is 
shown in Table II. Pentaerythrityl tetrastearate and rape seed oil show the 
least change in the elongation at break after 14 days at 121° C. This superi- 
ority over safflower oil can be rationalized on the basis of their lower degree of 
unsaturation. Pentaerythrityl tetrastearate does not contain any unsaturation 
and can be expected to impart excellent heat stability to neoprene. Rape seed 
oil, which predominantly is an ester of erucic acid, contains only a single double 
bond and is essentially equivalent to the tetrastearate in improving the heat 
resistance of neoprene. Safflower oil, which contains two nonconjugated 
double bonds (linoleic acid ester), does have a beneficial effect on the heat 
resistance but is not as effective as the less unsaturated glycerides. Use of 
some glycerides having multiple and/or conjugated unsaturation such as tung 
oil must be avoided. Their tendency to air-oxidize and crosslink is so great 
that vulcanizates containing these highly unsaturated oils appear to age faster 
than the controls containing process oil. They, in fact, accelerate the heat 
aging of neoprene. As pointed out above, the lessened stabilizing effect of 
methyl oleate and diethyl malonate probably can be ascribed to their greater 
volatility. 


TABLE II 


EFrFect oF VOLATILITY AND UNSATURATION 
oN STABILIZING ACTION oF EsTERS 
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Table II also shows that neoprene vulcanizates containing 15 phr of rape 
seed oil apparently are better by a factor of three after 14 days at 121° C than 
vulcanizates containing 12 phr of a hydrocarbon process oil. 

In Figure 2 is compared the aging at 121° C of a high quality neoprene 
black stock with no oil which contains the Aranox-Octamine antioxidant 
system, with the same stock containing 15 phr of rape seed oil It is apparent 
that the vulcanizate containing rape seed oil ages considerably better than the 
one without any oil. During the initial aging period the elongation at break 
of the stock containing the rape seed oil increases somewhat but after 21 days 
at 121° C the rape seed oil vulcanizate has retained 87% of its elongation while 
the one without oil has retained only 46%. 


RAPE SEED OIL AS A NON-VOLATILE 
STABILIZER DILUENT 


COMPOUND: 
NEOPRENE TYPE W-I00; ARANOX-1, 
OCTAMINE-4;STEARIC ACID-0.5; 
MgO-4; Zn0O-5,; ATOMITE WHIT— 
ING-50; MT BLACK-I0; NA-22-1. 
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Concentration of ester required—The optimum concentration of the ester 
required for maximum stabilization as determined with safflower oil is about 
15 phr, as shown in Figure 3. As 15 parts of process oil in a clay filled vulean- 
izate are replaced with safflower oil in 5 part increments, improvement occurs 
until the 15 parts of the process oil are completely replaced with safflower oil. 
Further addition of safflower oil provides only minor improvement in the heat 
resistance. A combination of 5 parts of process oil and 10 parts of safflower 
oil also appears attractive. The stress-strain properties of these compounds 
are not greatly affected by these changes. 

Fungus growth.—It has been observed that neoprene vulcanizates containing 
fatty acid glycerides are prone to attack by fungi when exposed outdoors or in 
warm moist environments. At this time the use of fatty acid glycerides for 
improving the resistance of neoprene toward heat aging cannot be recommended 
for those applications where prolonged exposure to the above environmental 
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EFFECT OF SAFFLOWER OIL CONCENTRATION 
ON HEAT RESISTANCE AT 121° C 


CLAY STOCKS 


CIRCO SAFFLOWER 
OIL OIL 


SCOTT S/S AT 25°C pHR of 
M300 


% OF E_ RETAINED 


| pHR NA-22 
CURE 40'/153°C 


iL 


10 15 
DAYS AT 121°C 


conditions is expected. Efforts are continuing to find means to eliminate this 
problem. 

Exhaustive removal of allylic chlorine —The majority of commercially avail- 
able neoprenes possess about 0.66-0.70% of “labile chlorine” (0.0186—0.0197 
atom of chlorine/100 g of polymer), attributed to an allylic chloride structure’. 
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This allylic chloride structure is the result of the 1,2-polymerization of chloro- 
prene and occurs to an extent of about 1.5% in these polymers. 

The bis-alkylation theory of neoprene curing? postulates that these allylic 
chlorine sites are also the reactive sites for crosslinking with reagents* such 
as ethylenethiourea (NA-22). These allylic chlorines can therefore be es- 
sentially completely removed with a sufficiently high level of curing agent. It 
was expected that a comparison of the best aging response of conventionally 
and exhaustively cured neoprene would reveal at least qualitatively the con- 
tribution made to aging stability by residual labile chlorine. The results 
obtained on a gum stock are shown in Figure 4. 

It is clear that exhaustive curing of neoprene improves profoundly the 
neoprene’s stability to heat aging at 121°C. The exhaustively cured neoprenes 
are “over-cured” by conventional standards, but the relative change in the 
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elongation at break provides a convenient means for evaluating heat resistance. 
The heat stability of the vulcanizate is at a maximum at the concentration of 
NA-22 (1.02 phr) which is stoichiometrically equivalent to the concentration 
of allylic chlorine. It appears that an increase or decrease from that level 
impairs stability. 

Auziliary reagents: Dodecyl mercaptan.—The maximum stability of neoprene 
at 121° C occurred at the stoichiometric level of NA-22, a curative level which 
may provide an impractically high state of cure. Auxiliary reagents which 
would consume residual allylic chlorine but which would not overcure neoprene 
were therefore sought. Of necessity these reagents had to be monofunctional 
in respect to attack on the allylic chlorine, and their rate of reaction with 
allylic chlorine had to be considerably slower than that of the curing agent. 
Otherwise, a decline in both the state and rate of cure could be expected. 

Of those reagents investigated dodecyl mercaptan was found to meet these 
requirements best. The data in Figure 5 show that this mercaptan used with 
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EFFECT OF ON 
HEAT RESISTANT NEOPRENE BLACK STOCKS 
(COMPOUND C) 


pHB NEOZONE 
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NA-22 as the curing agent, imparts the same order of heat aging stability to 
neoprene as does exhaustive curing with NA-22 but without an increase in the 
state of cure. It is seen that the heat resistance of these neoprene gum stocks 
at a constant accelerator level improves with increasing concentration of the 
mercaptan. It may be significant that, as in the exhaustively cured neoprenes 
previously discussed, the maximum resistance to heat aging occurred when the 
total equivalents of NA-22 and the mercaptan were at least equivalent to the 
molar concentration of the labile chlorine in the polymer. Under these condi- 
tions it can be expected that essentially no residual allylic chlorine remains 
in the polymer and that heat resistance will be greatest. Dodecyl mercaptan 
also improves by a sizeable margin the resistance of Neoprene Type W to 
accelerated heat aging in clay and black stocks. Figure 6 presents data on 
black stocks containing the Aranox-Octamine antioxidant system. Addition 
of 1.6 parts dodecyl mercaptan to the two-component antioxidant provides a 
sizeable improvement in heat resistance. The accelerator level in the stocks 
containing the dodecyl mercaptan has to be increased in order to overcome its 
slight retardation of the cure rate. 

Theoretical considerations.—The function of the mercaptan in the RSH/ 
NA-22 curing system which improves the stability of neoprene at elevated 
temperature has not been proved. However, the mercaptans which are 
effective with NA-22 are known in model systems® to react readily with the 
kind of “labile” chlorines believed to be the cure sites in neoprene. It seems 
reasonable, therefore, that the protection afforded by the RSH/NA-22 curing 
system is related to the reaction of the RSH compounds with some of neoprene’s 
labile chlorine. 

Additive effect of dodecyl mercaptan-rape seed oil.—The stabilizing effects of 
the two systems under discussion for increasing the heat resistance of Neoprene 
Type W are additive as shown in Figure 7. The various materials were 
evaluated in a black stock, Compound D, containing the Aranox-Octamine 
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TaB_e III 
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antioxidant system. In this particular instance the addition of dodecyl 
mercaptan and dioctyl sulfide to the basic recipe containing the aromatic 
petroleum oil provided an improvement over the short aging period. (Dioctyl 
sulfide at times has been found to augment the stabilizing action of dodecyl 
mercaptan.) This improvement was considerably smaller than the substitu- 
tion of the 15 parts of the aromatic petroleum oil with 15 parts of rape seed oil. 
The combination, however, of dodecyl mercaptan-dioctyl sulfide-rape seed oil 
has outstanding resistance to accelerated heat aging at 121° C. This com- 
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pound after aging for 15 days at 121° C has suffered essentially no change in 
its elongation at break. After 21 days it has approximately twice the elonga- 
tion compared to the control compound not containing these stabilizers. 

Again it is observed that the elongation at break of the vulcanizates con- 
taining the rape seed oil increases slightly during the early aging period. 
This, however, has a negligible effect on the other properties. The actual 
changes in stress-strain properties of these vulcanizates are shown in Table III. 
The tensile strength of the stabilized vulcanizates after 21 days has changed 
more than that of the control stock but not to an extent which can be con- 
sidered serious. After 10 days at 121° C the tensile strength of all stocks has 
decreased approximately the same amount. The lower state of cure of the 
dodecyl mercaptan containing stocks is evident by their lower moduli. Rape 
seed oil alleviates this retardation of the cure rate to a minor degree as indicated 
by the original elongations at break. The stocks containing rape seed oil 
suffered essentially no change in modulus after aging for 10 days at 121° C 
although the elongation at break of the vulcanizates containing both stabilizing 
systems increased by about 15%. 


CONCLUSION 


Fatty acid glycerides, in particular rape seed oil, improve the resistance of 
Neoprene Type W against accelerated heat aging. Dodecyl mercaptan added 
in small quantities to gum, clay and black filled neoprene stocks also exerts a 
considerable stabilizing effect. Either method can be used for applications 
where an enhancement in the heat resistance of neoprene is desirable. Vege- 
table oils should not be employed in applications where potential fungus 


growth isa problem. The two stabilizing systems in combination are attractive 
when the maximum heat resistance is required. 


SUMMARY 


Two systems for stabilizing neoprene against heat aging have been in- 
vestigated. Both systems are employed with conventional antioxidants. One 
method is based on using high molecular weight esters, particularly certain 
readily available fatty acid glycerides, as the stabilizer-diluent. The second 
method is based on the removal during cure of the allylic chlorine formed as the 
result of 1,2-polymerization of chloroprene. This is accomplished by intro- 
duction of auxiliary reagents capable of reacting with those allylic chlorines 
which are not consumed by the curing reaction. Maximum heat resistance 
can be obtained by simultaneous employment of the two methods. Improve- 
ments of the order of 1} to 2} times the normal useful life of neoprene goods 
might be expected on the basis of these experimental results. 
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INFLUENCE OF VULCANIZATION ON ADHESION 
TO NON-VULCANIZING POLYMERS * 


V. G. Raevskii S. S. Voyutskii 


M. V. Lomonosov Institute or Fine-Cuemicat TecunoLtocy, Moscow, USSR 


According to contemporary ideas'~* the mechanisms of adhesion and co- 
vuleanization of rubbers have much in common. The phenomenon of co- 
vulcanization, like that of adhesion of polymers, includes the diffusion of 
macromolecules and of segments of them, which is particularly intensive in 
the initial period of vulcanization, when the crosslinks have not yet formed. 
The difference between covulcanization and adhesion lies solely in the fact that 
the process of interpenetration of the molecular chains in the former case is 
sooner or later broken off by the vulcanization process being superimposed 
upon it, securing the macromolecules or portions of them by strong chemical 
bonds. This leads to the formation of an adhesion joint considerably superior 
in strength to a joint in which the molecules diffusing through are attached 
only by weak intermolecular bonds. 

It is important to ascertain what is the influence of the vulcanization of 
elastomers upon their adhesion to polymers not capable of forming chemical 
bonds with them. This case is of immense practical importance, since un- 
vulcanized rubbers are very often used in combination with vegetable and 
synthetic fibers which are not capable of vulcanizing. 

As adhesives we selected elastomers of varying molecular structure, polarity 
and degree of molecular mobility: butadiene-acrylonitrile rubber (SKN-26), 
butadiene-styrene rubber (SKS-30A), butadiene-styrene oil-extended rubber 
(SKS-30ARM-15) and butyl rubber. Using these rubbers we prepared stocks 
both containing and not containing vulcanizing groups (in the latter case the 
components of the vulcanizing groups were replaced by an equal quantity of 
inert filler—whiting). The amount of vulcanizing group was set at the opti- 
mum for each rubber. 

The substrates used were films containing no plasticizers—cellophane 
(cellulose hydrate) and Perfol’ PK-4 (polycaprolactam). 

The adhesive was applied to the substrate by coating on a calender at the 
optimum conditions for each elastomer*. The specimens produced in this way 
were plied up and subjected to vulcanization. Vuleanization was carried out 
in a Berstorff apparatus for continuous vulcanization at 143° C and a specific 
pressure ~ 0.85kg/sqem. The time of cure was varied between 0 and 88 min. 

In Figures 1 and 2 we show the dependence of the specific adhesion (de- 
termined by the ply separation) of the elastomeric coatings to the above- 
mentioned substrates. As may be seen, independently of the type of adhesive 
and substrate, the time for which the joint is kept at the temperature of 
vulcanization very strongly affects the adhesion. Nevertheless even if the 
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Fic. 1.—Influence of time of thermal treatment upon the adhesion of coatings not containing vulcanizi 

groups to (a) PK-4 polyamide film, (b) cellophane. /—Butyl rubber; 2—butadiene-styrene ontented 

SKS-30ARM-15; 3—butadiene-styrene rubber SKS-30A; 4—butadiene-acrylonitrile rubber 
N- 


adhesion of coatings not containing vulcanizing groups increases continuously 
(but with varying rate) as the time of thermal treatment increases, the adhesion 
of coatings which do contain vulcanization groups passes through a maximum. 

The continuous increase in the adhesion value in the former case may be 
governed by the interdiffusion of molecules or their elements in the boundary 
layer. In the latter case the enhancement of adhesion in non-protracted 
thermal treatment of a joint is explained evidently by the same cause as in the 
former case. In this stage, as a result of the presence of an induction period 
of vulcanization, the processes of structurization apparently either do not yet 
take place or proceed to a very small extent. 

The sharp alteration in the shape of the curve in vulcanization beyond 12 
to 15 min is caused probably by two factors. One of these factors is the sharp 
reduction in the rate of diffusion as a result of the structurization of the ad- 
hesive. Nevertheless even complete cessation of diffusion might only mean 
that starting at a certain instant the adhesion would stop rising, in spite of the 
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20 40 60 60 min. 


Fic. 2.—Influence of vulcanization upon adh of a vulcanized rubber ing to (a) PK-4 polyamide 
3—b styrene rubber 8 A; 4—butadiene-acrylonitrile rubber SKN-26. 
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increasing time of thermal treatment. One factor controlling the lowering of 
the adhesion might be the occurrence in the zone of contact of supplementary 
stresses as a result of the shrinking of the rubber coating, caused by the struc- 
turization of the elastomer. These stresses definitely will reduce the force 
which it is necessary to apply to destroy the adhesion joint. 

The data obtained allow us to draw a further series of conclusions relative 
to the influence of the molecular structure of the elastomers under investigation 
upon the adhesion. 

It is known that butyl rubber is a substantially nonpolar elastomer with 
linear structure, whose molecular weight is very low in comparison with the 
molecular weights of other elastomers (the weight average molecular weight 
of the butyl rubber in our case was 32,000). The low molecular weight of this 
polymer is responsible for the presence in it of a considerable number of macro- 
molecule ends which, as is known’, are most active in the processes of diffusion. 
All this also gives butyl rubber maximum adhesion to both substrates. 

The presence of awkward pendant phenyl groups and high molecular weight 
are responsible for the considerably lower adhesion of butadiene-styrene 
elastomers. It is very interesting to compare the adhesion of the butadiene- 
styrene elastomers SKS-30A and SKS-30ARM-15. The latter differs from 
the ordinary low-temperature butadiene-styrene rubber SKS-30A only in the 
amount of softener added to the copolymer in the production process. Taking 
into account that the copolymers under investigation have the same chemical 
nature, it must be assumed that the higher adhesion of the oil-extended 
elastomer is governed by the greater mobility of its chain segments. 

Finally, minimum adhesion is in all cases found with the most polar ad- 
hesive, the butadiene-nitrile copolymer. This circumstance may likewise be 
explained from the viewpoint of the diffusion theory of adhesion by the low 
lability of the molecular chains and by the presence of pendant nitrile groups. 
In this case the processes of diffusion indubitably proceed at a much lower rate, 
which is shown by a lack of a sharp increase in adhesion in the initial stage of 
interaction of the polymers. In addition to this the value of the specific 
adhesion in the latter case may to a significant extent be governed by the 
intermolecular interaction of the polymers in the contact zone. 

It is an essential point that the curves characterizing the alteration in the 
adhesion value as a function of the time of thermal treatment of the various 
joints are arranged in the same sequence in Figure 1 and in Figure 2. This 
means that the peculiarities in the vulcanization of the rubber cannot cover up 
the influence of the nature of the adhesive upon the adhesion. When we 
consider the influence of the nature of the substrate upon the adhesion our atten- 
tion is attracted first of all by the fact that nonpolar rubber exhibits high 
adhesion to polar substrates. This fact may be explained by the local dis- 
solving of the hydrocarbon chains of the adhesive in the substrate consisting 
of polar groups and quite large portions of nonpolar hydrocarbon chains®. 

Comparison of adhesion to cellulose and Capron shows that the value is 
always higher in the case of Capron. In all probability, this is brought about 
by the exceptional stiffness of the molecular chains of cellulose’? and the very 
high density of their packing, owing to the presence of hydrogen bonds between 
the hydroxyl groups*. In addition, in contrast with Capron, cellulose always 
exists only in a glassy state’’*. Such structure and the physical state of 
cellulose create extremely unfavorable conditions for the diffusion of elements 
of molecules of the adhesive. 
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Thus, the vulcanization of the rubber coating is responsible for the phe- 
nomenon of a maximum of adhesion which corresponds to the optimum degree 
of vulcanization (judged by adhesion). The presence of an optimum of 
vulcanization (judged by bond strength) was verified by the present authors 
for rubber-fabric materials on a base of cellulose, Capron and glass fiber. And 
in these cases also we observed an analogous character of alteration of adhesion 
as a function of the degree of vulcanization of the rubber. The influence of 
“mechanical adhesion’, while not altering the character of the dependence, 
leads only to higher values of the total bond strength of the adhesive to fabric 
in comparison with the corresponding values of the specific adhesion to films. 

The presence of an optimum of vulcanization judged by bond strength in 
rubber-fabric articles and materials may be made use of in production tech- 
niques. At the present time vulcanization of such articles is carried out under 
conditions corresponding to the optimum judged by the physical properties 
of the rubber. Nevertheless the optimum degree of vulcanization judged 
by bond strength sets in considerably earlier, and the bond strength under 


TABLE 1 


INFLUENCE OF DEGREE OF VULCANIZATION UPON RUBBER 
to Fasric Bonp STRENGTH 
Optimum time of cure 


in min Stripping resistance in 
g/cm after vulcanization 


ignation Type of for the for 
of rubber carcass fabric rubber adhesion 35 min 15 min 


SKS-30A Perkal’ 900 1500 
Capron art. 1520 35 350 1050 


T; glass fabric 1350 


Perkal’ 2000 
Capron art. 1520 : 700 
T; glass fabric 1200 


Butyl] rubber Perkal’ 2600 3900 
Capron art. 1520 2000 3600 
T: glass fabric 2700 4000 


optimum conditions of vulcanization as judged by the properties of the rubber 
is much lower than its value at the degree of vulcanization corresponding to the 
adhesion optimum. In Table 1 we give the corresponding values of bond 
strength of vulcanized rubbers to fabrics of various chemical natures. The 
bond strength values are given in Table 1, both for vulcanization corresponding 
to the optimum judged by the properties of the vulcanized rubbers (35 to 40 min 
at 143°) and for vulcanization under conditions corresponding to the bond 
strength optimum (15 min at 143°). According to the data in Table 1, 
reducing the time of cure from 35 to 15 min leads to an increase in the bond 
strength from 1.8 to 3 fold. 

Reducing the degree of vulcanization of these layers (in comparison with the 
degree of vulcanization of the main body of the rubber) may be achieved 
without altering the curing conditions now accepted for a given article, by 
corresponding reduction in the content of vulcanization group in the surface 
layer of rubber. In addition to the increase in the rubber-fabric bond strength 
in articles the measure indicated makes it possible to reduce the cost of articles 
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on account of the reduction in the amount of the expensive ingredients of the 
vulcanizing group. 
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STRESS AS A REDUCED VARIABLE: STRESS 
RELAXATION OF SBR RUBBER 
AT LARGE STRAINS * 


Rosert F. LANDEL AND Pav. J. STEDRY 


Jer Proputsion Lasporatory, CaLirornia INstiTuTE oF TECHNOLOGY, PasaDENA, CALIFORNIA 


INTRODUCTION 


The reduced variable concept for linear viscoelastic behavior covering the 
effects of time, temperature, and concentration (for solutions) proposed by 
Ferry! ten years ago has proven to be eminently successful as a method of 
showing the interactions between these parameters and of correlating data 
obtained over wide ranges in them’. In principle this treatment is limited to 
deformation sufficiently small for an isochronal stress-strain relationship to be 
considered linear. Nevertheless, it has been found that ultimate properties 
have the same time and temperature interdependence as small deformation 
properties®:*, Therefore, one would like to be able to extend the reduced 
variable treatment to the nonlinear region, i.e., to larger deformations. A most 
promising start in this direction has been reported by Mason’ since the inception 
of this work. We report these results on the basis of a somewhat different 
outlook on the same problem and an extension to even higher strains. 

Linear behavior is here taken to represent behavior which can be described 
in terms of an array of Hookean springs and Newtonian dashpots. The total 
response of the array may not be linear in that the stress may not be propor- 
tional to the strain or rate of strain, particularly under dynamic conditions, 
but that of the individual elements is. Extension to nonlinear elements is 
possible, but leads to mathematical difficulties which are not easily solved®.’. 
The restriction to linearity is now examined and a method of circumventing 
it is proposed. 

The most general expression of the tensile stress-strain law simply states 
that the stress based on the initial cross-sectional area S is proportional to the 
strain e through some function f of time ¢, absolute temperature 7, and strain 
e or extension ratio a(= e + 1). 


S = ef(t,T,a) (1) 


For small deformations the effects of time and temperature are factorable, 
though interrelated through the Ferry shift factor a7. Thus Eq. (1) can be 


rewritten as 
S = ef(a)g(T)h(t/ar) (2) 


where for small deformations f(a) is unity and g(T)A(t/ar) is the time- and 
temperature-dependent Young’s modulus £(T7,t/ar). The latter is directly 


* Reprinted from Journal of Applied Physics, Vol. 31, 1885-1891 (1960). This is JPL Technical Report 
No. ~~ based on work done under National Aeronautics and Space Administration Contract No. 
w-6. 
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proportional to T, so g(T) is simply T and hA(t/ar) equals TE (t/ar). But if 
the effects of large strains are also factorable, then at any given temperature 
there results a modified Hooke’s law 


S = E(tef(a) (3) 


Therefore this equation can be linearized by defining a strain-reduced stress S* 
as S/f(a) and the resulting expression can be used in the standard equations 
for viscoelastic behavior derived for spring-dashpot arrays. This factorization 
is tacitly assumed but not explicitly demonstrated by Mason®. 

What we propose to try, then, is to choose the proper form of f(a) in order 
to be able to calculate S*, and then employ this reduced-stress, stress-strain 
curve in subsequent calculations. Therefore, as a first step in this process the 
various proposed forms of f(a) must be evaluated to see which expression will 
most adequately describe experimental results and so give the required analytic 
representation. Note, however, that this evaluation must be carried out at 
constant E(t). This can be done in one of two ways: either by making stress 
relaxation or creep measurements and considering isochronal data, or by making 
actual stress-strain measurements at such high temperatures and low strain 
rates that E(t) will be at its equilibrium value and constant throughout the 
course of the experiment. 

One of the first difficulties encountered in attempting to describe nonlinear 
viscoelastic systems is the requirement of a suitable analytic representation 
of the stress-strain curve of a rubber. Although there have been a large 
number of equations proposed for this purpose, few are adequate over wide 
ranges in experimental test conditions. 


In general, the proposed stress-strain equations can be subdivided into two 
categories, theoretical and empirical or semiempirical. In the former class we 
may list the modified Hooke’s law, the kinetic theory expression*, and the 
Mooney-Rivlin expression® ®. The modified Hooke’s law, 


aS = E(tje (4) 


can be justified on the assumption that Poisson’s ratio is one-half, and so the 
measured stress should be corrected to a true stress by the factora. The more 
fundamentally significant kinetic theory expression 


(5) 


3 a 


is nonlinear, but on multiplying through by the quantity a and expanding 
a? — 1/a in a power series, an equation analogous to Eq. (4) is obtained which 
is approximately linear to 50% strain. This observed linearity can also be 
offered in support of the use of Eq. (4). A more recent improvement on the 
kinetic theory is the Mooney-Rivlin expression 


E(t) 1 1 
S = (a 5) (6) 


where C2 is an additional time dependent constant which should go to zero 
at truly equilibrium test conditions for a well crosslinked network". 
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Of the empirical or semiempirical equations, we should like to mention only 
two—that proposed by Blanchard and Parkinson”: 


S = E(é (5-3) Ba - 1) (7) 


and a purely empirical expression discovered by Martin, Roth, and Stiehler 
(MRS)*: 
1 1 1 
S = Bw (4 - ) exp («-") (8) 
a @ a, 


Equation (8) was devised as a curve-fitting scheme for isochronal stress-strain 
data obtained from creep curves by replotting the strain increments observed 
at a given time. One of the more interesting conclusions of this study was 
the fact that the parameter A had a nearly constant value of 0.38 for all the 
rubbers studied: natural, butyl, styrene-butadiene, and nitrile. 

In a separate study on the actual stress-strain behavior at high temperatures 
and low strain rates of a polyurethane rubber, and from SBR data of Smith‘, 
it has been found that of all the suggested equations only the MRS equation, 
Eq. (8), adequately describes the behavior. Moreover, it does so over the 
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STRAIN RATE 0.325 min’! 
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Fig. 1.—Stress-strain data for a polyurethane elastomer, plotted as suggested by Eq. (9). 
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whole stress-strain curve, right out to the breaking strain. It is surprising 
to us that so simple an expression—it really contains only two arbitrary pa- 
rameters—can describe the stress behavior over the complete range of strain. 
Since Eq. (8) can be rearranged to 


log (a?S/e) = log E(t) + 0.434 A(a — 1/a) (9) 


a plot of log a®S/e vs. a — 1/a should be linear with the slope 0.434 A, provided 
E(t) is constant. 

As an illustration, Figure 1 shows such a plot for three samples of poly- 
urethane tested as ring-shaped specimens. The breaking strain in this case 
was 225%. The plot is linear as required and E(t) is found to have essentially 
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Fic. 2.—Sketch of the stress-relaxometer. 


the same value as found from the use of Eqs. (4) and (5) on the same data at 
smaller strains. However, these experiments indicated a value of A which, 
though reasonably constant for a given rubber, varied between 0.4 and 0.5. 
This is in contrast to the reported value of 0.38. On the other hand, the 
experiments may not have been carried out under conditions sufficiently 
close to equilibrium, so that E(t) may not have been constant as assumed. 
Therefore it became imperative to test the expression on isochronal data. 

Such data were obtained as stress relaxation moduli measured during the 
course of a study whose primary aim was simply to examine the influence of 
strain on the time to rupture’®. The present work was included as a corollary 
to test the MRS equation as indicated above and to provide data for an 
experimental test of the reduced variable concept. 
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EXPERIMENTAL 


The styrene-butadiene rubber was obtained from the National Bureau of 
Standards. It contains 23.5% styrene and has an average molecular weight 
between crosslinks of 15,800, as determined by swelling experiments in several 
solvents. A more complete description is given in Ref. 15. 

The test specimens were rings cut from the rubber sheets with a circular 
die having an inside diameter of 1.400 inches and an outside diameter of 1.650 
inches. The outer cut edges of the rings were always slightly concave. This 
slight imperfection was disregarded in calculating the cross-sectional area of the 
samples, and the directly observed width as measured with a micrometer was 
employed. The ring dimensions were 0.078 (+0.002, —0.003) in. thick by 
0.125 (+0.004, —0.003) in. wide, the indicated deviations being the maximum 
observed. In any given run the average dimension for all samples employed 
in that run was used in calculating the stress. 

The stress relaxometer was a specially constructed apparatus shown in 
Figure 2. The load cell was a simply supported beam whose motion under 
load was detected by a linear variable differential transformer. A Wiancko 
carrier system provided a stable 1000 cps excitation signal and rectified the 
transformer output so that the latter could be recorded with a standard re- 
corder. The load cell was calibrated before each run by suspending a series 
of known weights from the beam and recording the transformer signal. The 
output was a linear function of the applied force, within about 1%. A small, 
freely rotating nylon pulley was supported from the center of the beam and a 
matching pulley was mounted on a slide movable along a brass rod by means 
of a cable and handwheel located outside the apparatus. Ring specimens 
could be looped over both pulleys and then extended by pulling the slide down 
the desired extent with the handwheel. By adjusting the position of a metal 
stop on the rod, the desired strain could be attained in two seconds or less. 
The calculation of strain was based on the inside diameter D of the ring, 
e = 2AC/rD, where AC is the pulley displacement. 

An assembly of eight of these stress relaxometers was enclosed in a circulat- 
ing-air, constant-temperature chamber as shown in Figure 3. Heating was 
provided by a series of nichrome elements ; cooling, by a mechanical refrigerator 
unit and a set of cooling coils. These units are mounted on the back of the 
chamber shown in Figure 3. Temperature control was provided by a bimetallic 
thermoregulator. At temperatures near room temperature and below, the 
refrigerator was allowed to run continuously and the requisite amount of 
balancing heat was provided by the heaters. The maximum temperature 
spread between various points within the chamber was about 1° C. At any 
given point the temperature was constant within +0.5° C over many hours, 
but only to within about 1.5° C over a period of days. During a test, it was 
necessary to bleed a stream of dry nitrogen continuously into the system to 
prevent condensation on the refrigerated cooling coils, because even slight 
condensation interfered sufficiently with the heat transfer rate to prevent the 
system from operating at a stable temperature. The nitrogen was also intended 
to reduce the possibility of oxygen and ozone attack on the stretched SBR 
specimens. However, a mass spectrographic analysis of the air withdrawn 
from the chamber showed that the oxygen content had been reduced to only 
about 7%, so this purpose was not fulfilled. Ozone cannot be detected as such 
by the mass spectrometer, since it reacts in the spectrometer to form oxygen. 
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Fic. 3.—Over-all view of the stress relaxometer and the air thermostat. 


We are indebted to Dr. William DeMore of this Laboratory for making these 
measurements. 

The over-all accuracy of the results is limited by several factors: sample-to- 
sample variability; the ability to measure the sample dimensions accurately ; 
the variation in strain rate employed during the initial elongation; the sensi- 
tivity and drift of the load-measuring system, including the recorder; and 
temperature fluctuation. The first three factors affect the accuracy; the 
remainder, the precision. The most important factors are the apparatus 
sensitivity and, particularly at lower temperatures, the differences in the rate 
at which the initial strain is applied. For any given stress relaxation experi- 
ment, the precision is estimated to be +5%, while the over-all accuracy at any 
given temperature is estimated to be +10-20%. 


TaBLe 
INITIAL STRAINS APPLIED AT THE VARIOUS TEMPERATURES 


Temperature, ° C Strain range*, % 
275-550 


* The strains were varied in 25% increments over this range. 
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1.7 325-525 
7.2 325-525 
12.8 200-500 
18.3 150-450 
40.0 100-350 
50.0 50-300 
60.0 50-300 
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© BREAK POINTS 
—— STRESS-AT-BREAK 
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. 4.—Stress relaxation to break in SBR under large strains at 1.7° C. The figures 
indicate the % strain initially applied. 


The experiments were carried out at ten temperatures between —15 and 
+60° C and at several strains between 50 and 550%, as indicated in Table I. 
The results at —15 and +29.4° C are omitted from subsequent discussion in 
this paper because the reduced modulus data are inconsistent with the data 
at other temperatures. 

In addition, a limited number of constant strain rate tensile tests were 
made in order to apply the MRS equation to tensile data for this same rubber, 
both to obtain a value of A by this method for comparison with that obtained 
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Fie. 5.—Data of Figure 4 cross-plotted as indicated by Eq. (9) to find A of the MRS“equation, 
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TABLE II 
Constant A MRS Equation 


Temperature 
Ss 


0.42 0.43 
0.39 — 
0.41 0.39 
0.35 36 0.37 
0.40 ! : 0.43 
0.43 
0.40 0.44 


60.0 0.42 4 0.46 


Average 0.38 O41 Y 0.42 


from isochronal data, and also to be able to construct a reduced stress-strain 
curve in the manner of Smith'’®. The latter is important because E(t) can 
be calculated from such a curve and should serve as a basis of comparison with 
E(t) obtained directly from the stress relaxation data. 


RESULTS AND DISCUSSION 


Determination of the MRS constant A.—Typical stress relaxation curves are 
shown in Figure 4. The constant A can be evaluated from these data by 
interpolating the stress values at times of 1, 5, 10, and 100 minutes and cross- 
plotting as indicated by Eq. (9). The results for the curves of Figure 4 are 
shown in Figure 5, and the value of A thus obtained is given in the figure. 
The value of A cannot be determined with precision. 

The results for the determination of A at all temperatures are given in 
Table II. It can be seen that there is a slight dependence of A on both the 
temperature and on the time at which readings are taken. Figure 6 compares 
the temperature dependence of the average value of A given in Table II with 
that obtained in the constant strain rate experiments. Although the data, 
when taken together, apparently indicate a uniform increase with temperature 
at a rate somewhat less than directly proportional to the absolute temperature, 
the constant strain rate data are suspect at lower temperatures because of the 
assumption of equilibrium behavior and the constancy of E(t). If log E(8), 
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Fic. 6.—Temperature dependence of the average value of A of Table II 
and the value found in constant strain rate experiments, 
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Fig. 7.—Strain-reduced stress relaxati calculated from the data of Figure 4. 


the intercept of plots such as Figure 1, is decreasing while the stress-strain 
curve is being measured, then the effect will be to decrease the apparent value 
of A with decreasing temperature, as observed. The values obtained in the 
stress relaxation experiments do not suffer from such a defect, but on the other 
hand, the experimental scatter is so great that one cannot decide whether or 
not A is temperature dependent. 

The average values of A, at each temperature, also show a consistent in- 
crease with log time. If true, this would represent a serious drawback to the 
utility of the MRS equation. However, in view of the experimental error in 
determining A (see Figure 5), it seems reasonable to use an average value of 
0.40 for subsequent calculations. 

Reduced variable treatment in terms of strain-reduced stress.—Assuming that 
the required function of a is given by the MRS equation, and taking the value 
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Fia. 8.—Strain-reduced stress relaxation modulus of SBR at temperatures from _—5 to +60° C. 
he initial strains range from 50 to 550%, as indicated in Table I. 
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of A to be 0.40, the expression for the strain-reduced stress relaxation modulus 
is given by 


* 2 
E(t) = = exp [ -0.40 ( - (10) 


Figure 7 shows the results using the data of Figure 4. The family of stress 
relaxation curves shown there has been compressed to a single modulus curve 
within experimental error. The latter shows up all too clearly on a plot to this 
scale. Nevertheless, one may draw an average curve through the results at 
all six strains. Figure 8 shows this average curve and the corresponding 
curves for other temperatures. The curve at 12.8° C seems to contain a 
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Fic. 9.—Log ar determined from superposing the data of Figure 8. Also shown are ar values obtainen 
from the ultimate property and time-to-break data of Ref. 14. The square shows that 12.8° C was = 
as the reference temperature for superposition. 


systematic error, since it is too high relative to the other curves. The sharp 
drop in log E(t) at 10° to 10° sec at 50° and 60° C is attributed to oxidative 
degradation of the rubber. 

These averaged curves can be superposed in the normal fashion by first 
converting the measured modulus to the reduced modulus* £,(t) = E(t) 
286° K/T and then subjecting these reduced modulus plots to a suitable 
horizontal translation along the time scale. The extent of the translation is 
defined as 1/ar. Values of ay so obtained, as well as values from the time-to- 
break data“, are shown in Figure 9, where they are compared with the values 
predicted by the WLF equation"®. As originally defined?, Z,(t) = E(t) Topo/Tp, 
where p is the corresponding density. The small density correction has been 
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omitted in these calculations. 


—17.44(T — T,) 


516+T—T, (11) 


log ar = 


where T, is the glass transition temperature. The agreement is rather good 
for the modulus data, but poor for the points from ultimate property data. 
The latter show a much greater dependence on 7 than does the WLF function. 
Since the reason for this discrepancy has not yet been established, the WLF 
curve is drawn for a best fit to the modulus results. 7, is estimated by this 
procedure to be —55° C, vs. an experimental determination of —59° C based 
on linear thermal expansion measurements. 

Average log ar values were read from Figure 9 and used to superpose the 
data of Figure 8. The results are shown in Figure 10. Note that the sharply 
decreasing portions of the 50° and 60° C curves do not superpose, as indeed 
they cannot if the effect is due to degradation. 


+ 
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Fia. 10. oo strain-reduced modulus for SBR, To = 12.8° C. _ Also shown are the 
calculated from the constant strain-rate data of Figure 11. 


The curves are too flat to afford a positive test of superposition. A better 
test is afforded by the comparison of moduli data obtained at different ranges 
of the real time scale. For this purpose we compare the stress relaxation 
modulus calculated from a reduced stress-strain curve with the more directly 
measured results of Figure 10. 

The stress-strain data can be superposed in the original manner of Smith'® 
to give a composite stress-strain curve by simply plotting log aST/T)Rar vs. 
log e/Rar, where R is the strain rate. Thus the reduced stress is aS and 
f(a) =a". Figure 11A shows the results for such a superposition using ar 
values calculated from Eq. (11), with T, = 59° C. The individual stress- 
strain curves are concave upward and their initial portions define the envelope 
of all of the curves, as previously noted by Smith. In the present instance the 
envelope is essentially a straight line over this region of the reduced time scale. 

The MRS equation can similarly be used to reduce the data, except of 
course that the reduced stress is that indicated in Eq. (10). The superposed 
plot thus obtained is shown in Figure 11B. The MRS function has now con- 
verted all of the stress-strain curves into straight line segments, and practically 
all of the points now lie on a single line. This line is, of course, the same as the 
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Fic. 11.—Stress-strain data * SBR at various temperatures and strain rates, 
stress-strain curve at 12.8° C. Reduction according to Smith's, f(a) = a; B. Reduction — 


to the MRS equation, f(a) given _4 Eq. (10). 


envelope in Fig. 11A, since at low strains the results become independent of the 

reduced stress employed. The stress relaxation modulus E(t) can be obtained 

from the slope of either of these plots at any desired value of reduced time 
= e/Rar, as 


E(t) = (S*/t,)(d log S*/d log t,) (12) 


If the use of the reduced stress concept and the MRS equation is correct, then 
these values of the stress relaxation modulus should fall on the superposed 
curve of Figure 10. Instead, the results cross over and fall progressively below 
the superposed curves. However, when it is considered that the maximum 
discrepancy between the two results is 0.1 log unit, no more than the diameter 
of the data points shown in Figure 11, the agreement can be considered very 
satisfactory. 


CONCLUSIONS 


Since the experimental data obtained at quite different times, temperatures, 
and strains showed reasonable agreement, it may be concluded that the 
concept of strain-reduced stress as a reduced variable is generally valid. Thus 
Ferry’s method of reduced variables may be extended to large deformations by 
employing a strain-reduced modulus E(t) f(a) where f(a) is an appropriate func- 
tion of the strain. Such a function was obtained from the Martin-Roth-Stiehler 
equation, but the validity of its usein this reduction was not definitely established. 
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The constant A in the MRS equation is clearly related to the finite extensibil- 
ity of polymer chains, since its magnitude controls the rate of rise of stress at 
higher strains. The implications of a possible time and temperature depend- 
ence of A are not clear at this time. 

On the other hand, it should be recognized that this concept of a strain- 
reduced stress cannot hold at very short reduced times. Ferry!’ has recently 
shown that if strain produces a free volume change, then there will exist a 
time-strain shift factor analogous to the time-temperature shift factor ay. In 
this case, superposition of isothermal data such as stress relaxation curves will 
require a translation of the curves along both the time and modulus axes. 
Such an effect would be expected to occur at temperatures near 7,, where 
Poisson’s ratio is decreasing from the value of 3, characteristic of a rubber, to 
a value of about 3, characteristic of the glassy state. 


ABSTRACT 


Stress relaxation measurements on SBR were carried out at temperatures 
from —5 to +60° C and at initial strains of up to 550%. The effects of strain 
and time were found to be factorable, so that the isochronal stress-strain curve 
may be written as a modified Hooke’s law with a time-dependent modulus: 
S = E(tjef(a), where f(a) is an appropriate function of the strain. By 
defining a strain-reduced stress S* = S/f(a), i.e., a strain-reduced modulus 
E*(t) = E(t)f(q@), it can be shown that Ferry’s method of reduced variables 
may be extended to large deformations. An appropriate strain function was 
obtained from the empirical Martin-Roth-Stiehler equation as f(a) = a? 
exp A(a — a") with A = 0.40. Although it cannot yet be certain that A is 


truly a constant and the same for all elastomers, this equation has the advantage 
of being valid right out to the breaking strain. 


REFERENCES 


1 Ferry, J. D., J. Chem. Soc. 3746 (1950). 

2 For a recent of ,duced variable treat t see Die Physik der Hochpolymeren, ed. 
by H. A. Stuart, ‘8 mete, ody Berlin, 1956, especially page 56 et seq. in chapter 1, by A. J. 
Stav aye and F. Schwarzl, and chapter 6, by J. . Ferry. 

3 Bueche, F., J. - far Phys. 26, 1133 (1955). 

‘Smith, T. L., i Polymer Sci. 32, 99 (1958). 

5 Mason, P., Trans. Faraday Soc, 55, 1461 (1959) ; J. Appl. Polymer Sci. 1, 63 (1959). 

6 Green, M. S. and Tobolsky, A. V., J. Chem. Phys. 14, a 946). 

7 Blatz, P. J. and Tobolsky, A. V., J. Chem. Phys. 14, 113 (1946). 

" Flory, P. J., Principles of Polymer Chemistry, thaca, New York, Cornell University Press, 1953. 

Mooney, M., J. Appl. Phys. 11, 940). 

” Rivlin, R. 8. ‘and Saunders, D. W., Phil. Trans. Royal Soc. (London) Series A, Mathematical and Physical 
Science 243, 251 (1951). 

4 Ciferri, A. and Flory, P. J., J. Appl. Phys. 30, 1498 (1959). 

#2 Blanchard, A. F. and Parkinson, D., Ind. Eng. Chem. 44, 799 (1952). 

3 Martin, G. M., Roth, F. L. and Stiehler, R. D., Trans. Inst. Rubber Ind. 32, 189 (1956) ; Rupser Cuem. 
& Tecuno.. 30, 876 (1957). 

Unpublished F, Landel, P. J. Stedry and T. L. Smith. 

146 Smith, T. L. and Stedry, P pg Ae Phys. 31, 1892 (1960) ; following paper, this issue. 

Williams, M. L., Landel, R. F. and Fe Z. D., J. Am. Chem. Soc. 77, 3701 (1955). 
ie Ferry, J. D. and Stratton, R. A., Kolloid Z. 171. tori (1960). 


TIME AND TEMPERATURE DEPENDENCE OF THE 
ULTIMATE PROPERTIES OF AN SBR RUBBER 
AT CONSTANT ELONGATIONS * 


Tuor L. SmitH AND Pau. J. Srepry 


Jet Proputsion Lasoratory, Cacirornia INstiTuTe oF TEecHNOLOGY, PASADENA, CALIFORNIA 


I. INTRODUCTION 


A study was made previously of the temperature and strain rate dependence 
of the stress at break (tensile strength) and the ultimate elongation of an un- 
filled SBR rubber’. In that study, stress-strain curves to the point of rupture 
were measured with an Instron tensile tester on ring type specimens at 14 
temperatures between —67.8° and 93.3° C, and at 11 strain rates between 
0.158 x 107% and 0.158 sec at most temperatures. The tensile strength was 
found to increase with both increasing strain rate and decreasing temperature. 
At all temperatures above —34.4° C, the ultimate elongation was likewise 
found to increase with increasing strain rate and decreasing temperature but at 
lower temperatures the opposite dependence on rate was observed ; at —34.4° C, 
the ultimate elongation passed through a maximum with increasing rate. 


Values of the ultimate properties at each temperature were plotted against 
log 1/R, where R is the strain rate. The resulting curves were then superposed 
by shifting them along the log 1/R axis, the shift distance required to effect 
superposition being log ar. Values of log ar obtained from superposing the 
tensile strength data were equal, within experimental error, to those obtained 
from superposing the ultimate elongation data. Further, these values of log ar 
were found to fit the Williams, Landel, and Ferry (WLF) equation? 


_ _8.86(T — T.) 
101.6 + T — T, 


log ar = 


(1) 


with the standard reference temperature 7, equal to 263° K. In this form of 
the WLF equation, 7, is normally about 50° C above the glass temperature T, 
of a material. Thus, the value obtained for T, indicated T, should be 213° K, 
in close agreement with 210° K obtained from dilatometric measurements. 
Values of ar given by Eq. (1) were used to construct two reduced curves which 
showed all ultimate property data plotted against log 1/Rar. These curves 
showed the strain rate dependence of the tensile strength and the ultimate 
elongation, over many decades, at the standard reference temperature. 

In studying the linear viscoelastic properties of amorphous polymers above 
T,, many workers have found the shift factor ar to be extremely useful for 
interconverting the effects of temperature and experimental time scale. The 


* Reprinted from J. of Applied Physics 31, 1892-1898 (1960). Copyright 1960 by the American 
Institute of Physics. This paper represents the results of one phase of research carried out at the Jet 
Propulsion Laboratory, California Institute of Technology, under contract sponsored by the National 
Aeronautics and Space Administration. The present address of Thor L. Smith is Stanford Research 
Institute, Menlo Park, California. 
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conclusion from the study of the SBR rubber was that a7 can also be used to 
interconvert the effects of temperature and strain rate on the ultimate prop- 
erties of certain types of polymeric materials. Prior to this work, F. Bueche*® 
presented a theory which predicted that values of the tensile strength measured 
at different temperatures and under either constant loads or strain rates can be 
interrelated by using ar values. To check the theory, Bueche measured the 
tensile strength of polybutyl methacrylate under constant loads at temperatures 
above 7, and applied time-temperature superposition to reduce the data to 
a single temperature. 

The shift factor is given by the relation a7 = (T/T) X (n/mno), where 7 is 
the viscosity (or internal viscosity for crosslinked polymers) at temperature T 
and mo is the viscosity al some arbitrary reference temperature 7». Because 
T/T differs from unity by a relatively small amount, ar equals approximately 
the viscosity ratio n/no, and consequently the temperature dependence of ar 
is essentially the same as that of the viscosity. Thus, the observation that ar 
can be used to interconvert the effects of strain rate and temperature on the 
ultimate properties—at least for materials like SBR rubber—leads to the 
following conclusions: (1) The ultimate properties vary with temperature 
because the internal viscosity varies with temperature; (2) the ultimate 
properties vary with strain rate because the viscous resistance to network 
deformations increases with the rate; and (3) the temperature dependence of 
factors such as the rate of bond rupture have no significant effect on the 
temperature dependence of the ultimate properties. 

Values of the ultimate properties shown by the reduced curves in a previous 
paper! have now been replotted in Figure 1 against the time to break (t,) ex- 
pressed in seconds and reduced to 263° K; & equals y,/Rar where y, is the 
strain at break measured at a strain rate R and temperature 7, and S, is the 
stress at break based on the initial cross-sectional area of the specimen. Figure 
1 shows that the ultimate properties become relatively insensitive to strain rate 
at sufficiently low rates; the shapes of the curves suggest that asymptotes may 
exist which have near-zero slopes. Because of kinetic effects which must be 
associated with the chain scissions which lead to specimen rupture, it is un- 
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Fic. 1.—Ultimate properties of an SBR rubber measured at different strain rates and temperatures. 
oe re _— the logarithm of the time to break (t») reduced to —10° C. (Data from work cited 
in footnote 1. 
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Fie. 2,—Schematic representation of the variation of stress-strain curves with strain rate and tem- 
perature. Envelope connects rupture points and the dotted lines illustrate stress relaxation and creep 
under different conditions. 


likely that asymptotes of zero slope exist. However, the asymptotic or long- 
time values of the ultimate properties are of major significance because such 
values are nearly independent of the testing conditions and are characteristic 
of the network in the absence of viscous effects. 

An important qualitative conclusion above the time-dependent ultimate 
properties can be reached by examining Figure 1. For example, this figure 
shows that a specimen will break at 300% elongation provided the strain rate 
is selected so that 10° sec are required to reach this elongation. Let us suppose, 
however, that a specimen is stretched at the strain rate needed to produce a 
300% elongation in 100 sec and that the elongation is subsequently held 
constant. Immediately after the sample is stretched, the stress will begin to 
relax because the sample was not stretched under equilibrium conditions. Al- 
though the stress decays, the sample will break eventually because it can 
withstand an elongation of only about 100% when the network chains are in an 
equilibrium condition. As a rough approximation, it might be expected that 
the sample will break after a total of 10° sec, as indicated by the curve which 
shows the ultimate strain plotted against log &. However, this curve represents 
data measured under conditions of constant strain rate, and it is to be expected 
that values of the ultimate properties, like other time-dependent mechanical 
properties, will depend on the path. 

Important conclusions about the time dependence of the ultimate prop- 
erties can also be reached by considering the diagram in Figure 2. This 
diagram shows schematically stress-strain curves, including the rupture points, 
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measured at various strain rates and temperatures. The variation of the 
stress at break and the strain at break with either strain rate or temperature 
is shown by the envelope ABC. The curve OA represents equilibrium stress- 
strain conditions, except possibly in the vicinity of point A. Although curve 
OA represents stress-strain values in the absence of viscous effects, true equi- 
librium—especially in the vicinity of A—undoubtedly does not exist because 
under suitable conditions stress leads to breakage of chemical bonds. Thus, 
values of the ultimate properties are not expected to be unique but to depend 
on the temperature and stress history. However, for present purposes, we 
can ignore such degradation effects and assume that A represents the ultimate 
properties measured under equilibrium conditions. 

Suppose now that a specimen is stretched at the strain rate and temperature 
required to traverse curve OB, and that the strain is held constant after point D 
is reached. At the constant strain the stress relaxes, as indicated by the 
dotted vertical line, until it reaches £, which is on the equilibrium stress-strain 
curve. On the other hand, if the stress is held constant after point D is reached, 
the strain increases, as indicated by the dotted line, until it reaches point F, 
which is also on the equilibrium stress-strain curve. 

Next suppose that curve OB is traversed until point G is reached and there- 
after the strain is held constant. The stress again relaxes, but because no 
equilibrium stress exists for the strain represented by point G, the specimen 
should eventually break. Likewise, if the stress is held constant after point G 
is reached, the strain increases, and the specimen should eventually break be- 
cause no equilibrium strain exists for the stress represented by point G. 

Studies have been made of the time to break for various materials under 
constant loads‘, although with several possible exceptions** most studies have 
been made of rigid materials. Apparently, no studies have been made of 
ultimate properties under constant strain conditions. Thus, the primary 
purpose of the present work was to obtain experimental confirmation of the 
prediction that certain rubbers when held at constant elongation will rupture 
eventually, provided the elongation exceeds some critical value; the secondary 
purpose was to see how values for the ultimate elongation and stress at break, 
measured under constant strain conditions, compare with values measured 
under constant strain-rate conditions. Because tensile strength is usually 
defined as the maximum stress developed during certain types of tests, it seems 
desirable here to speak of the stress at break, and to call the stress at break 
the tensile strength only when it equals the maximum stress developed during 
a test. To obtain the desired data, measurements were made at various tem- 
peratures of the stress-relaxation of an SBR rubber under relatively large 
elongations; the apparatus used and the stress-relaxation data obtained are 
discussed in detail elsewhere®. This paper presents data on the time required 
for the rupture of specimens subjected to various elongations at various tem- 
peratures and the stress existing at the time of rupture. For comparative 
purposes, a limited study was also made of the ultimate properties of the SBR 
rubber at different strain rates and temperatures. 


II. EXPERIMENTAL 


MATERIAL 


Ultimate properties were measured of a gum vulcanizate of a styrene- 
butadiene rubber (SBR) which was supplied in the form of ASTM tensile 
sheets (ca. 0.080 in. thick) by the Rubber Section of the National Bureau 
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of Standards. The base polymer was NBS reference sample 387 (X-768), 
which contained 23.5% bound styrene and had been prepared by emulsion 
polymerization at 50° C. The gum vulcanizate, which was cured for 60 min 
at 150° C, contained the following parts by weight: SBR, 100 parts; zinc oxide, 
5 parts; sulfur, 2 parts; benzothiazyl disulfide, 1.75 parts. The sheets of the 
vulcanizate were stored in a freezer prior to being used. The vulcanizate used 
in the previous study! was the same except that 1 part of mercaptobenzothiazole 
was used in place of 1.75 parts of benzothiazyl disulfide and cure was for 45 
instead of 60 min. 

The average molecular weight between crosslinks M, for the vulcanizate was 
determined from swelling measurements in four solvents. Duplicate weighed 
pieces of SBR were immersed in the solvents for four days at 25° C, and the 
swollen samples were weighed after removing excess solvent from their surfaces 
with filter paper. Values of M, were calculated using the equation 


V 
In (1 — v2) + v2 + (oe 


where v2 is the volume fraction of polymer in the swollen gel, p is the density of 
SBR, V, the molar volume of the solvent, and x; the solvent-polymer inter- 
action parameter. Values of x1, approximated as described previously’, are 
given in Table I along with the values of M, for both the present vulcanizate 
and the vulcanizate used in the previous study. 


TABLE I 
Va.ues or M, rrom Equitisprium SwELLING Data 


Solvent 


Carbon tetrachloride 
Xylene 

Toluene 

Benzene 


av 15,851 


A value of M, was also calculated from the tensile modulus £ derived from 
stress-strain data measured at 80° C with the Instron tensile tester. The 
modulus was evaluated, as described elsewhere’, from the slope of a plot of 
aS vs. y, where aS is the stress based on the stressed cross-sectional area of a 
specimen and 7 is the strain. At 80° C, the modulus was found to decrease 
from 7.35 to 6.58 X 10° dynes/cm? as the strain rate of the test was decreased 
from 1.516 X 10-? to 1.516 K 10 sec’. At 60° C and a strain rate of 
1.516 X 10-*, the modulus was 6.96 X 10° dynes/em?. These data indicate 
that the value measured at the lowest rate at 80° C is a near-equilibrium one. 
By substituting = 6.58 10° at T = 353° Kin the equation M. = 3p RT/E, 
it is found that M, = 13,100, in fair agreement with 15,800 obtained from 
swelling data (Table [). 

Unfortunately, M, values for the vulcanizate studied previously were 8020 
and 9250 as obtained from swelling and modulus data, respectively. The 
difference in M, of the two vulcanizates precludes quantitative comparisons 
of the ultimate properties of the first vulcanizate, studied at constant strain 
rates, with those observed on the present vulcanizate under constant strain 
conditions. Because of the desire to compare results obtained under these 


oe 
Previous Present 
x vulcanizate vulcanizate 
0.300 8000 15,957 Paes 
0.305 8657 16,647 Bp 
0.316 8000 15,998 
0.345 7424 14,802 
av 8020 | aa 
Wes 
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different conditions, some measurements under constant strain rates were also 
made on the present vulcanizate. 


APPARATUS 


Data under both constant strain rate and constant strain conditions were 
measured on rings which were cut from the sheets of SBR with a circular die 
which had an inside diameter of 1.400 in. and an outside diameter of 1.650 in. 
The edges of the die-cut rings were dished slightly, although this slight imperfec- 
tion was disregarded in measuring the dimensions of specimens. Tensile data 
were measured at different temperatures, and strain rates with an Instron tensile 
tester equipped as briefly described previously'. 

The constant strain apparatus’ contained eight racks for stretching ring 
specimens. These racks were mounted in an air thermostat whose temperature 
was controlled by the continuous circulation of heated or refrigerated air from 
an external source. Temperature control devices maintained the temperature 
at any given point to within +0.5° C for many hours; the maximum tem- 
perature difference between various points in the thermostat was about 1° C. 
When the temperature was regulated below ambient for several days or more, 
the over-all temperature variation, as indicated by three thermocouples, was 
about +1.5° C, this large variation being due to certain operational changes 
produced by frosting of the refrigeration coils. During operation, a stream of 
dry nitrogen was bled continuously into the system to delay frosting. 

Each rack for stretching a specimen consisted of a vertically mounted brass 
rod on which two movable supports were attached. Each support had a 
freely rotating nylon pulley whose diameter was 0.150 in., and a ring type 
specimen was placed over the pulleys. The upper support was connected to a 
heat treated steel beam which rested on knife edges mounted on top of the 
thermostat, and the lower support was connected by a cable to a wheel mounted 
under the thermostat. By adjusting the position of a metal stop on the brass 
rod, the specimen could be stretched manually by the wheel and cable device 
to a predetermined elongation in 2 sec. or less. The force exerted by a stretched 
specimen was determined by measuring the small deflection of the beam with a 
linear variable differential transformer whose output was recorded by a Brown 
potentiometer ; the output was determined to be a linear function of the applied 
force within about 1%. 

Ultimate properties under constant strain conditions were measured on 
eight samples simultaneously. To carry out tests, unstrained rings of SBR 
were placed over the pulleys on the racks and allowed to come to temperature 
equilibrium. The rings were then rapidly stretched to predetermined elonga- 
tions, the elongation increment of adjacent specimens normally being 25%. 
The elongations were calculated from the final distance between the centers of 
the pulleys, the diameter of the pulleys, and the initial inside diameter of a ring. 
The inside diameter was used to obtain the maximum elongation existing in a 
stretched ring. Other experimental work has indicated that the maximum 
elongation, instead of some average value, correlates best with the ultimate 
elongation measured on tensile specimens in which the strain is uniform. To 
obtain the stress, the measured load on the supporting beam was divided by 
twice the initial cross-sectional area of the ring. Because of some uncertainties 
in determining the absolute value of the load during a measurement and in 
determining the cross-sectional area of a specimen, the error in the stress may 
at times have been as great as 10%. 
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Fic. 3,—Stress-relaxation of an SBR rubber at 1.7° C under elongations 
from 350 to 525%. Solid points indicate rupture. 


III. RESULTS AND DISCUSSION 


Stress-relaxation measurements were made at various elongations at eight 
temperatures between 1.7° and 60° C, most measurements being continued 
until rupture occurred. (A few measurements were also made at —5° and 
— 15° C, but the rupture data were erratic and thus are not presented.) Stress- 
relaxation data obtained during a typical run are shown in Figure 3. These 
data were measured at 1.7° C and at eight elongations between 350 and 525%. 
The solid points indicate when rupture occurred and the dotted curve through 
these points shows the stress at break at the various elongations. 

Plots are shown in Figure 4 of the percent elongation against the logarithm 
of the time to break (,) for results obtained at 1.7°, 7.2°, 12.8°, and 18.3° C; 
data obtained at 29.4°, 40°, and 50° C are shown in Figure 5. Two sets of 
measurements were made at each temperature and the results from each are 
differentiated by flags on the points. Figures 6 and 7 show plots of log S, 
286/T vs. log t&, where S, is the stress at break and T is the absolute temperature 
of measurement. As shown in Figure 6, only one set of stress measurements 
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Fic, 4,—Variationfoffultimate elongation7with log under constant 
elongations (valueszof A are arbitrary). 
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Fic. 5.—Variation of ultimate elongation with log is under constant 
elongations (values of A are arbitrary). 


was made at 1.7° C, although as shown in Figure 4, two sets of time-to-break 
measurements were made at this temperature. (For clarity, the data in 
Figures 4 and 6 are shifted along the abscissa by arbitrary amounts A and, 
similarly, along the ordinate in Figures 5 and 7.) Because elastic retractive 
forces are directly proportional to the absolute temperature, all values of the 
stress at break are multiplied by 286/T to reduce them to 286° K. (The 
ultimate property data obtained at 60° C under the constant strain conditions 
are shown later by the points in Figures 10 and 11.) Because values of the 
ultimate properties are by nature rather nonreproducible, the scatter of the 
points about the lines shown in the figures is not unduly great, except for the 
data at 7.2° C. 

Both the ultimate elongation and stress-at-break data at the various tem- 
peratures were superposed by shifting along the log 4, axis to obtain values of the 
shift factor a7. The shape of some curves representing data at the higher 
temperatures changes markedly with temperature, and the shift distance re- 
quired to superpose these curves was selected somewhat arbitrarily. For 
the 29.4° and 40° C data, the best over-all superposition—which actually is 
rather poor—is effected by an unusually large shift. Because this large shift 
was inconsistent with that required to give superposition of other data separated 
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Fic. 6.—Logarithm of the stress at break reduced to 286° K (S» 286/7) plotted against log to. 
Data obtained under (values of A are arbitrary). 
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Fig. 7.—Log Ss 286/T plotted against log t. Data obtained under 
iongations (values of A are arbitrary). 
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by 10° C, superposition was effected by considering only the first three or four 
points at the low end of the time scale at 40° C. This procedure gave a reason- 
ably realistic value of the shift factor. In general, however, the accuracy of 
the ar values is markedly lower than of those presented previously', obtained 
by superposing ultimate property data measured at different strain rates. 
However, values obtained for log ay are compared in Figure 8 with the WLF 
equation. The solid square point in Figure 8 shows that 12.8° C was selected 
as the reference temperature for the experimental determination of a7 values 
by shifting data. 

Figure 8 shows that at 29.4° C and higher temperatures the values of log ar 
obtained from the stress-at-break data are not in close agreement with those 
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Fic. 8.—Shift factor log ar obtained by superposing ultimate property data 
compared with the WLF equation. 
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from the ultimate elongation data. Actually, values of log ar from the stress- 
at-break data seem to be in moderate agreement with the WLF equation except 
at 50° and 60° C, whereas values from the elongation data begin to depart 
markedly from the WLF equation at temperatures above 29.4° C. A small 
deviation from the WLF equation might be expected at temperatures above 
about 40° C because this equation often applies only at temperatures less than 
T, + 50; for the SBR, T, + 50 equals 40° C. 

Because of the poor accuracy of the ar values, the only conclusion that can 
be drawn is that they are not grossly inconsistent with the WLF equation. 
However, the data certainly do not prove that rupture under conditions of 
constant strain is controlled entirely by the internal viscosity, as would be 
shown if the values agreed closely with the WLF equation. Actually, the 
stress-relaxation data, discussed elsewhere’, suggest that some chemical 
degradation occurred during the experiments at 50° and 60° C. Although the 
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Fic. 9.—Ultimate properties measured at different strain boy, and temperature 
plotted against log ts. Data reduced to 13° C. 


thermostat was flushed continuously with dry nitrogen, as mentioned in 
Section II, the oxygen concentration in the thermostat was only one-third 
that in air. Thus, the nitrogen purge was ineffective to prevent possible 
degradation. If degradation occurred, the values of log a7 obtained by super- 
posing ultimate property data would be expected to differ from those predicted 
by the WLF equation. However, the stress-relaxation data showed de- 
gradation only after about 6 x 10* sec at 50° and 60° C; under these conditions, 
only two values of the ultimate properties were obtained (see Figures 10 and 11). 
Thus, there is no definite evidence that rupture times were influenced by degra- 
dation, although it is conceivable that ultimate property data are affected to a 
greater extent by small amounts of degradation than stress-relaxation data. 
Because of the difficulty in choosing a reliable set of log ar values, the 
ultimate properties at the various temperatures are not shown plotted against 


Ze. 
60.0 
29.4 
» 16.3 
-5.0 


ULTIMATE PROPERTIES OF SBR 907 


the time to break reduced to a common temperature. Although such reduced 
plots can be constructed, their reliability for predicting values of the ultimate 
properties over an extended time scale at different temperatures would be 
questionable. Values of the ultimate properties observed under constant 
strain conditions at a given temperature will thus be compared directly with 
the values measured at different strain rates. 

The ultimate properties at different strain rates were measured at seven 
temperatures between —5° and 80° C and at three strain rates at most of these 
temperatures. The strain rates ranged from 1.52 x 10~* to 1.52 X 107! sec, 
although this range was not covered at any single temperature. The few data 
obtained at each temperature coupled with the poor reliability of individual 
values of the ultimate properties precluded the determination of accurate values 
of log ar by shift plots of the data at each temperature to effect superposition. 
Because the previous study’ showed that values of ar given by the WLF 
equation can be used to effect superposition, the present data were superposed 
by using the ar values shown by the plot of the WLF equation in Figure 8. 
The resulting curves are shown in Figure 9, where the ultimate strain and 
log S, 286/T are plotted against log t/ar, the quantity t,/ar being the time to 
break reduced to 286° K. 

To compare the data measured at constant strain rates with those at 
constant strains, the curves in Figure 9 were reduced to each of the tem- 
peratures at which constant strain measurements were made; this reduction 
was made by using values of log ar given by the WLF equation in Figure 8 to 
change the time scale. Sections of the curves reduced to 29.4°, 40°, 50°, and 
60° C are compared in Figures 10 and 11 with the constant strain data measured 
at these temperatures. In the figures, sections of the reduced curves are shown 
by solid lines and the individual values measured at constant strain rates at 
29.4°, 40°, and 60° C (measurements were not made at 50°) are shown by 
points; the dotted lines show the constant strain data, and individual values 
obtained under these conditions are shown at 60° C. Plots like those in 
Figures 10 and 11 were also prepared from data at 1.7°, 7.2°, 12.8°, and 18.3° C. 
Because these plots did not show any trends not shown by Figures 10 and 11, 
they are not presented. 

Figures 10 and 11 show that most individual values obtained at constant 
strain rates lie to the right of the curves showing values measured at constant 
strain. Although the curves showing the constant strain rate data lie to the 
right of those showing constant strain data—at least at shorter times—the 
curves at 29.4° C intersect so that at long times the constant strain rate data 
lie to the left of the constant strain data. This crossover is unexpected and 
probably is not real, especially since no individual values measured at constant 
strain rate lie below or to the left of the curves showing the constant strain data. 

A crossover of the curves indicates that at long times the time to break for 
a sample under constant strain is greater than for a sample subjected to a 
constant strain rate. However, under constant strain conditions, the energy 
input to a sample as measured by the product of stress and elongation is 
considerably greater than the energy input to a sample which is strained con- 
tinuously at a constant rate until rupture occurs. This factor suggests that 
the time to break for samples under constant strain should not be longer than 
for samples subjected to a constant strain rate. Thus, the crossover is tenta- 
tively attributed to some error in either the experimental data or its reduction. 

An attempt was made to measure ultimate properties under constant 
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Fie. 10.—Comparison of ultimate elongation vs. log ts data measured at constant elongations 
with values measured at different strain rates (values of A are arbitrary). 


elongations at —5° and —15° C. The results were erratic and thus are not 
presented. At these low temperatures, it is possible that during the stretching 
of a specimen to certain elongations, the left side of the bell-shaped curve— 
like that shown in Figure 1—was often approached rather closely. If this 
were true, the time of stretching a specimen could affect the results because a 
small difference in time would change markedly the closeness of approach to the 
bell-shaped curve. Thus, in some tests, damage may have been done to the 
network when a specimen was stretched ; this damage could cause the specimen 
to break almost immediately or to break at times considerably different than 
expected ; both types of behavior were observed. When the bell-shaped curve 
is not closely approached during the stretching of a specimen, no damage should 
be done to the specimen. However, the time to break might now be greater 
than the four to five days normally used for a test and no rupture of the speci- 
men would be observed. 
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Fic. 11.—Comparison of log Se 286/T vs. log t data measured at constant elongations 
with values measured at different strain rates (values of A are arbitrary), 
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SYNOPSIS 


The ultimate properties of amorphous rubbers at temperatures above T, 
are considered in terms of stress-strain curves to rupture measured at different 
strain rates and temperatures. The consideration indicates that a specimen 
held at a fixed elongation should break eventually, provided the elongation 
exceeds a critical value. This expected behavior was found by studying an 
SBR rubber. For samples maintained at different elongations for up to seven 
days, both the time to break and the stress at break were measured at eight 
temperatures from 1.7° to 60° C. For comparison, the ultimate properties 
were also measured at different strain rates and temperatures. The com- 
parison indicates that for a given ultimate elongation and stress at break, the 
time to break under conditions of constant elongation is less than under condi- 
tions of constant strain rate. 
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OXIDATIVE STRESS RELAXATION STUDIES OF 
RADIATION CURED VULCANIZATES, WITH 
AND WITHOUT ANTIOXIDANT * 


J. R. Dunn 


Tue Natura, Rusper Propucers’ Research ASSOCIATION, WELWYN GARDEN City, 
Herts., ENGLAND 


INTRODUCTION 


Turner has shown that irradiation of natural rubber results in the formation 
of carbon to carbon crosslinks by combination of allylic radicals! ; the same type 
of crosslinks are formed by heating rubber in presence of organic peroxides’. 
Since peroxide vuleanizates may be freed from excess vulcanizing ingredients 
and by products by extraction while radiation crosslinking may be effected 
without additive, it is expected that the two types of vulcanizate should age 
in an analogous manner. The present study was undertaken in order to see 
whether radiation vulcanizates did show the same aging behavior as peroxide 
vuleanizates according to measurements of oxidative stress relaxation*, and, 
if so, to ascertain whether the efficiency of antioxidants of the dithiocarbamate 
type was affected by the irradiation and whether such materials had an adverse 
effect upon cure. 

It has been stated that radiation vulcanizates are resistant to aging even 
in the absence of antioxidant and their stability has been attributed to the 
presence of purely carbon-carbon crosslinks*. However, it has recently been 
demonstrated that a carbon-carbon crosslink is not a sufficient condition for 
vulcanizate stability in the absence of antioxidant®. Previous studies concern- 
ing the aging of radiation cures appear to have been made using materials 
containing carbon black, which is now known to act as an antioxidant’; it is 
necessary, for work of fundamental significance, to use gum stocks based on 
very pure rubber. 


EXPERIMENTAL 


Methods.—Aging has been followed by measurements of both continuous 
and intermittent stress relaxation at various temperatures and also in ultra- 
violet light. The technique and apparatus have been fully described elsewhere 
(e.g. refs. 3 and 6); stress relaxation data (Figures 1-6) are plotted as the 
logarithm of (stress (f) at time ¢ divided by initial stress fo) against time. In 
all cases the samples were extended only 50% to minimize the risk of the sample 
tearing during aging. Some confirmatory experiments regarding the lifetime 
of antioxidants have been made in an automatically operated constant pressure 
oxygen uptake apparatus which also is described elsewhere’. 

Materials.—Vulcanizates were prepared by irradiating 0.02 em thick films 
of natural rubber cast from a 2% solution in benzene in aluminium foil boats 
floating on mercury. The boats were warmed with infrared lamps and a 

* Presented before the Deutsche Kautschuk-Gesellschaft, Vortragstagung 4.-8, October 1960 in West 
Berlin; Kautschuk und Gummi 14, WT114 (1961). 
919 


f 
at 
= 
4 
a 


STRESS RELAXATION OF RADIATION VULCANIZATES 911 


stream of nitrogen passed over them to prevent oxidative degradation and 
assist the removal of benzene vapor which was condensed in a trap cooled in an 
acetone-Dry Ice bath. The rubber employed was either acetone extracted 
deproteinized (DP) crepe (supplied by the Indonesian Rubber Research 
Organization) or extracted ‘‘Highly Purified” (HP) rubber (U. 8. Rubber Co.) 
both of which had a low nitrogen content**. These rubbers were lightly milled 
so as to facilitate solution in benzene. 

The principal source of radiation employed was the electron beam from a 4 
MeV linear accelerator at Wantage Radiation Laboratory. Samples to be 
crosslinked by this means, retained on a backing of aluminum foil, were sealed 
in glass tubes at less than 10-* mm pressure and water cooled during irradiation. 
The radiation dose given was varied according to the degree of crosslinking 
required and degrees of crosslinking, expressed as the elastic network parameter 
C, obtained from measurements of equilibrium swelling® in n-decane at 25° C, 
together with the dosages in Mrads, are tabulated at the appropriate points 
in the text. 

Some samples were irradiated in the atomic pile at A.E.R.E. Harwell 
(B.E.P.O.), in which case they were packed in aluminum cans which were 
flushed with nitrogen and sealed with latex. Such treatment did not ensure 
such complete absence of oxygen as did sealing in vacuum. Pile irradiated 
samples containing dithiocarbamate were stored for some weeks at Harwell 
until induced radioactivity had decayed to a safe value. 

Zine di-isopropyl- and di-sec-butyldithiophosphates were prepared as de- 
scribed elsewhere’, zinc morpholino-l-carbodithioate was kindly donated by 
Dr. B. Saville and the other additives used were good quality commercial 
materials recrystallized when necessary. Introduction of additives after cross- 
linking was effected by swelling the vulcanizates in ethyl acetate solutions 
of the required materials. 


RESULTS 


The continuous and intermittent stress relaxation of an unprotected 40 
Mrad electron beam vulcanizate of DP crepe (C; = 1.13) is autocatalytic at 
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Fic. 1.—-Continuous and intermittent relaxation of radiation vulcanizates in air 
at 70°, 85° and 100° C. 
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TABLE 1 


Tue Srress RELAXATION OF A RADIATION VULCANIZATE OF EXTRACTED 
DEPROTEINIZED CREPE IN AIR AT 100° C IN PRESENCE 
oF ADDITIVES INTRODUCED BY SWELLING 


t/fo 
Additive Time (mins) ZnDBDC BBC ZnID 


0.9570 0.9519 0.9506 
0.8760 0.8969 0.8718 
0.8570 0.8768 0.8502 
0.8224 Ruptured 0.7881 
0.8151 0.7720 
0.7991 0.7409 


70°, 85° and 100° C. (Figure 1); the intermittent relaxation is slower than the 
continuous in each case, particularly at 70° C, indicating that some crosslinking 
occurs during aging. 

The initial rate of relaxation of a radiation vulcanizate (50 Mrad cure; 
C, = 1.570) at 100° C in air in presence of zine dibutyldithiocarbamate 
(ZnDBDC) or Antioxidant 2246, swollen in from saturated solution or of 
dibutylammonium dibutyldithiocarbamate (BBC) or zine di-isopropyldithio- 
phosphate (ZnID) swollen in from 1% solution in ethyl acetate was very slow 
(Table 1). The marked response to the presence of antioxidants, and par- 
ticularly of dithiocarbamates and related materials as well as the absence of 
degradation in vacuo (Figure 4) is analogous to the behavior of extracted 
peroxide vulcanizates’. 

At 70° C the relaxation in oxygen of a sample freshly taken from its evacu- 
ated glass tube was initially very slow (Figure 2) and the introduction of Anti- 
oxidant 2246 from 0.2% ethyl! acetate solution did not affect this initial rate, 
although it prolonged the period of slow relaxation. Introduction of ZnaDBDC 
from 0.2% solution resulted in a reduced rate of relaxation, except in the very 
early stages and in a considerable increase in the period of slow relaxation. 

Some data have been obtained on the stress relaxation of vulcanizates of 
extracted deproteinized crepe crosslinked in the atomic pile in presence and 
absence of 1% ZnDBDC (Figure 3). The ZnDBDC powerfully inhibits the 
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Fic. 2,—Stress relaxation at 70° C in oxygen of a radiation vulcanizate containing 


0.2% 2246 or ZnDB introduced by swelling. 
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Fig, 3,—Stress relaxation in air at 100° C of pile radiation cures with and 
ithout zine dibutyl-dithi b ti 


oxidative degradation in air at 100° C of vulcanizates of various degrees of 
crosslinking, but it reduces the number of crosslinks introduced by a given 
dose of radiation (Table 2). 

The effect of 1% of various additives on the degree of crosslinking for a 
given dose has been more fully investigated by examining a series of samples 
crosslinked in the electron beam using dosages from 20 to 100 MRad (Table 3). 
In presence of zinc di-isopropyldithiophosphate the degree of crosslinking for a 
given radiation dose is not reduced. Both zine and dibutylammonium dibutyl- 
dithiocarbamates reduce the degree of crosslinking for a given dose by about 
one third and Antioxidant 2246, with or without other additive, reduces it by 
about one half. 

Stress relaxation data have been obtained at 100° C in air for radiation 
vuleanizates crosslinked to the same degree (C; = 1.0) in presence of the 
additives listed above (Figure 4). ZnDBDC and ZnID reduce the initial 
relaxation rate practically to the in vacuo rate, but BBC scarcely protects at all, 
although if introduced into a control by swelling it has initially a very powerful 
effect (Table 1). Antioxidant 2246 is less effective than ZnDBDC and a 
mixture of 0.5% of each of these materials confers on the vulcanizate aging 
properties intermediate between those found with each antioxidant alone. The 
presence of Tinuvin P does not influence thermal aging of a sample containing 
2246. 


TABLE 2 


DEPENDENCE OF DEGREE OF CROSSLINKING OF RUBBER WITH AND 
without ZnDBDC on THE Rapration Dose 
Radiation dose C1 
(Pile Units)* 2% ZnaDBDC 
0.25 . 0.587 
0. . 0.626 
0.5 1.019 
0.7 : 1.382 
1.0 yA 2.037 


* One pile unit is the radiation associated with an integral:‘thermal neutron flux of 10!7/sq em. 
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TABLE 3 


Tue INFLUENCE OF 1% oF DIFFERENT ADDITIVES ON THE DEGREE 
OF CROSSLINKING OF RUBBER BY DIFFERENT RapDIATION Doses 


20 40 50 60 
Radiation dose (Mrad) C; values 
Additive / 

None (control) 1.213 1.570 
ZnDBDC 0.708 0.855 

BBC 0.595 0.790 

ZnID 1.171 

2246 0.642 0.720 

2246 + Tinuvin P 0.720 0.703 

2246 + ZnDBDC 0.520 0.725 


The influence of molecular weight and solubility of dithiocarbamate and 
dithiophosphate additives on the degree of crosslinking and on antioxidant 
lifetime has been investigated using vulcanizates based on extracted highly 
purified rubber all crosslinked with 40 Mrad radiation in the electron beam 
(Table 4). Unlike zine dibutyldithiocarbamate, zinc dimethyldithiocarbamate 
(ZnDMDC) and zine morpholino-l-carbodithioate do not affect the degree of 
crosslinking. Zinc di-isopropyldithiophosphate renders crosslinking somewhat 
more efficient, whereas the corresponding di-sec-butyl-compound reduces it 
slightly. 

Considering aging in oxygen at 100° C (Figure 5), stress relaxation in 
presence of ZnDMDC proceeds at a slow rate for far longer (16 days) than in 
presence of any other additive studied, and in that time 40% of the original 
network is destroyed. ZnDBDC protects relaxation for only 4500 minutes, 


and oxygen uptake in presence of ZnDBDC is rapid after 7000 minutes. ZnID 
is practically as long lived as ZnDBDC, but zine di-sec-butyldithiophosphate 
gives no appreciable protection. 
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Fic. 4.—Stress relaxation at 100° C in air of electron beam radiation vulcanizates 
crosslinked to C = 1.0 in presence of additives. 
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Fic. 5.—Stress relaxation at 100° C in oxygen of radiation vulcanizates crosslinked 
in presence of sulfur containing antioxidants. 


The photochemical aging in light of wavelength 313 my and above of 
samples irradiated in presence of 1% 2246 with and without 1% Tinuvin P 
has been examined (Figure 6). The aging is much improved in presence of the 
UV absorber Tinuvin P. 

DISCUSSION 


As might be expected from the similarity of their network structures un- 
inhibited radiation vulcanizates exhibit aging behavior similar to that of 
peroxide vulcanizates*. Thus the degradation is autocatalytic (Figure 1) and 
ceases in the absence of oxygen. Efficient antioxidants have a very marked 
effect upon the rate of the degradation which, in their presence, is no longer 
autocatalytic, and dithiocarbamates or related compounds are particularly 
beneficial (Table 1; Figure 4). In the case of peroxide vulcanizates such be- 
havior was taken to indicate that scission occurred as an alternative to the 
initiation or propagation step of an autoxidation whose mechanism was 
analogous to that proposed for olefinic hydrocarbons in presence of retarder 
and the experimental results obeyed the force-time relationship 


f a 
fom 4 
which is based on such a mechanism. 

When plotted as f/(fo — f) against 1/t the data for stress relaxation of 
radiation vulcanizates obtained in air at 85° and 100° C (Figure 1) yield 
excellent linear plots (Figure 7) confirming the similarity in aging of radiation 
and peroxide vulcanizates. The data obtained at 70° C do not give a linear 
plot of f/(fo — f) against 1/t and the curves of log f/fo against 1/t in this 
instance are initially linear and not autoaccelerative. Since 0.2% of 2246 does 
not lower the initial rate of relaxation at 70° C (Figure 2) it appears that the 
vulcanizate contains traces of an efficient antioxidant which appreciably lowers 
the autoxidation chain length in the early stages of degradation®. The effect of 
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Fic. 6.—Stress relaxation in 313 m/y light of radiation vulcanizates containing 2246 
with and without Tinuvin P. 


such an antioxidant would be longest lived at low temperatures and at such 
low concentrations of rubber hydroperoxide as those present in samples 
irradiated at 10° mm. It is known that carbon black together with natural 


TABLE 4 


THe DEGREE OF CROSSLINKING OF ExtTracteD HP RuspsBer, GivEN 40 Mrap 
RADIATION IN PRESENCE OF VARIOUS ADDITIVES 
Additive 

None 1.28 

Zine dibutyldithiocarbamate 0.83 

Zine dimethyldithiocarbamate 1.32 

Zine morpholino-1-carbodithioate 1.33 

Zine di-isopropyldithiophosphate 1.75 

Zine di-sec-butyldithiophosphate 1.10 


antioxidants adequately protects rubber vulcanized by radiation in vacuo, 
whereas the same mix vulcanized in air ages rapidly", on account of its high 
initial content of rubber hydroperoxide. 


‘O100 -O200 
Fie. 7.—Theoretical interpretation of data from Fig. 1. 
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The intermittent relaxation of radiation vulcanizates, and of peroxide 
vulcanizates also, is slower than the continuous relaxation indicating the 
formation of crosslinks during aging. In radiation vulcanizates the difference 
between the two types of stress relaxation is most marked at 70° C and, accord- 
ing to Tobolsky, there is no crosslinking during aging at 130° C”. The cross- 
linking may be brought about by vinylidene groups in the vulcanizate whose 
concentration is increased by radiation’. 

Certain dithiocarbamates and dithiophosphates reduce the initial relaxation 
rate and extend the lifetime of radiation vulcanizates more than do conventional 
antioxidants such as 2246, whether introduced before irradiation or introduced 
by swelling afterwards. The efficiency of some of these thio compounds is 
affected by the irradiation; thus dibutylammonium dibuty] dithiocarbamate 
does not protect if introduced before irradiation and zine dibutyldithiocar- 
bamate, which is comparable in efficiency and lifetime to zinc dimethyldithio- 
carbamate if introduced into radiation or peroxide vulcanizates by swelling, 
is much inferior to the dimethyl analogue if introduced into the mix before 
radiation vulcanization. 

It is well known that conventional antioxidants and other radical acceptors 
lower the degree of crosslinking for a given radiation dose’: 4; 2246, for in- 
stance, reduces the degree of crosslinking by half. Those dithio compounds, 
such as zine or dibutylammonium dibutyldithiocarbamates or zine di-tert-buty]- 
dithiophosphate, which are less efficient if introduced before irradiation than if 
introduced into a radiation vulcanizate by swelling, also markedly reduced 
the degree of crosslinking. On the other hand, zinc dimethyldithiocarbamate, 
which retains its efficiency after irradiation, and zinc di-isopropyldithiophos- 
phate do not inhibit radiation crosslinking. In fact zine di-isopropyldithio- 
phosphate appears to aid network formation. The dithio-compounds of lower 
molecular weight, which are less soluble in rubber, are both the least damaging 
to the cure and the most efficient antioxidants. Turner has suggested that 
these are not sufficiently soluble to maintain an appreciable concentration of 
radical acceptor during the fast reaction resulting from the irradiation, whereas 
they may be soluble enough to maintain a constant inhibitor concentration in a 
slowly oxidizing system. Those inhibitors which do inhibit crosslinking are 
destroyed in the process and their subsequent lifetime as antioxidants is 
reduced. Zinc morpholino-l-carbodithioate represents the extreme case, being 
insufficiently soluble even to protect adequately against oxidative degradation. 

The present investigation shows that zinc dimethyldithiocarbamate is far 
more effective in protecting radiation vulcanizates against oxidative aging at 
100° C than are any of the other materials studied (Figure 6), but there may be 
other thio compounds which have similar efficiency. 

Tinuvin P retains its ability to absorb UV light when introduced into a 
radiation vulcanizate before cure, and thus it should be possible to produce 
light stable radiation vulcanizates"’. 
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SUMMARY 


The oxidative aging of purified rubber crosslinked by y-radiation both in the 
atomic pile and in the electron beam has been studied by measurements of 
continuous and intermittent relaxation. Degradation at 70—-100° C in air has 
been shown to proceed through autocatalytic scission of the polyisoprene 
chains which is markedly retarded by phenolic antioxidants and particularly 
by dithiocarbamates. The data obtained at 85° and 100° C. accurately obey 
the force-time relationship 

b 

which is predicted for degradation during an autoxidation chain similar to that 
occurring in olefins. This behavior was exhibited by peroxide vulcanizates 
which also contain carbon-carbon crosslinks. 

Conventional antioxidants and rubber soluble dithiocarbamates or dithio- 
phosphates inhibit the crosslinking reaction and give rise to a softer product 
for a given radiation dose. By virtue of their acting as inhibitors of cross- 
linking the concentration of these materials is reduced during radiation curing 
and their subsequent lifetime as antioxidants is therefore reduced. The less 
soluble dithiocompounds of lower molecular weight do not inhibit the cross- 
linking reaction, and their concentration after cure is unchanged. Certain of 
these are sufficiently soluble to inhibit autoxidation, and their efficiency in that 
capacity is unchanged. The most efficient antioxidant for introduction at a 
concentration of 1% into mixes for radiation vulcanization is zinc dimethyl] 
dithiocarbamate. This does not affect the cure, and it protects the vulcanizate 
against oxidative degradation at 100° C for considerably longer than any of the 
other materials investigated, including zinc dibutyldithiocarbamate which 
would be comparably efficient if introduced from solution after cure. 

Experiments involving introduction of Tinuvin P before cure show that 
transparent radiation vulcanizates may be protected from photochemical 
degradation by the addition of UV absorbers. 
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THE PROTECTION OF TRANSPARENT VULCANIZATES 
AGAINST AGING IN SUNLIGHT * 


J. R. Dunn anv 8. G. Foae 


Tue Natvrat Rosser Propucers’ Researcu AssociaTION, 
YeLwyn GarpeNn City, Herts., ENGLAND 


Care has to be taken in choosing antioxidants for use in transparent natural 
rubber vulcanizates since some amines commonly employed as protective 
agents against thermal degradation photosensitize aging in ultraviolet (uv) 
light'. Further studies? using the technique of stress relaxation, undertaken in 
order to find the most satisfactory type of antioxidant for protection against 
sunlight aging, have shown that, with additives introduced into extracted 
samples of peroxide vulcanizate by swelling from ethyl acetate solution, the 
best results were obtained using a mixture of a substituted bis-phenol and an 
absorber of uv light. Hitherto, nickel isopropylxanthate (NPX) has been 
regarded as the most potent protective agent against light*; however, the rate 
of degradation in the presence of NPX was unchanged by the addition of uv 
absorber and the mixture of bis-phenol and absorber was markedly more 
effective. Furthermore, the nickel salt is green, whereas the bis-phenols are 
relatively nonstaining. 

The work described here is an evaluation of vulcanizates in which the 
phenol and absorber have been incorporated before cure. The phenol em- 
ployed was 2,2’-methylene-bis(4-methyl-6-tert-butyl phenol) (Antioxidant 2246 
of the American Cyanamid Co.) and the absorber was Tinuvin P (a product of 
undisclosed formula marketed by Geigy Ltd.), chosen since it protected better 
in the absence of antioxidant than two other commercial absorbers. Two 
types of transparent vulcanizate were examined, one being an accelerated 
sulfur cure and the other a dicumy] peroxide cure. The recipes were as follows: 


Sulfur vulcanizate——Pale crepe 100, sulfur 2, “transparent”’ zine oxide 1, 
TMTD 0.2, TETD 0.3, Antioxidant 2246 1, cured 20 minutes at 140° C. 

Peroxide vulcanizate—Pale crepe 100, Dicup 3, Antioxidant 2246 1, cured 
60 minutes at 140° C. 

Vulcanizates were prepared according to these recipes both with and without 
2 parts of Tinuvin P added before vulcanization; the addition of Tinuvin P 
had no effect on tensile properties. The samples for examination by measure- 
ment of stress relaxation were vulcanized in a mold designed to give sheets 
0.2 mm thick while the samples for exposure to sunlight were 2.5 mm thick. 

Stress relaxation, which measures directly the relative amount of break- 
down of the rubber network, was carried out in air at 25° C under irradiation 
with the light of wavelength 313 my and greater emitted by a high pressure 
mercury lamp. Tinuvin P brought about a marked decrease in the rate of 
degradation both in the peroxide and the sulfur vulcanizate, particularly in the 
latter case (Figure 1). When the protective agents were the same, the sulfur 


* Reprinted from the Journal of Applied Polymer Science, 2, pages 367 and 368 (1959). 
919 


: 
4 
| 
ate 
ne 
3 


920 RUBBER CHEMISTRY AND TECHNOLOGY 


vulcanizate was found to be photochemically degraded far more rapidly than 
the peroxide vulcanizate. An auxiliary experiment, in which an antioxidant 
less stable in light, 2,5-di-tert-amylhydroquinone (Santovar A of Monsanto 
Ltd.), was introduced with and without Tinuvin P into a peroxide vulcanizate 
by swelling from ethyl acetate solution, showed that the uv absorber prolonged 
the life of the antioxidant as well as lowering the rate of degradation of the 
vulcanizate. In absence of both 2246 and Tinuvin P (removed by extraction) 
degradation was extremely rapid. 

Similar samples both of the peroxide and the sulfur vulcanizate to those 
subjected to photochemical degradation were examined by stress relaxation 
in air at 100° C, and Tinuvin P was found to have no effect on thermal aging. 
The thermal aging of the peroxide vulcanizate was much better than that of the 
sulfur vulcanizate. 

Sunlight aging of these materials was carried out in racks on the laboratory 
roof, with the samples facing south and at an angle of 45° to the vertical. They 
were exposed, unstrained, for 8 weeks in summer (approximately 400 hours 
sunshine). The results obtained are in accord with those obtained by stress 
relaxation and are illustrated by photographs (Figure 2) in which the samples 
have been slightly bent so as to enable the cracking pattern to be more clearly 
seen. After exposure the Dicup stock containing Antioxidant 2246 and 
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Fic. 1.—Stress relaxation at 25° C i > uv wa t of (A) dicu umyt perone and (B) sulfur-accelerator 
vulcanizates. (©) Extracted control. (@) With (@) With 2246 and Tinuvin P. 
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PROTECTION OF TRANSPARENT VULCANIZATES 


Fic. 2.—Appearance of vulcanizates after 8 weeks in sunlight. (a) Dicumyl peroxide vulcanizate with 
2246 only. (6) a vulcanizate with 2246 and Tinuvin P. (c) Sulfur accelerator vulcanizate 
with 2246 . (d ur accelerator vulcanizate with 2246 and Tinuvin P. 


Tinuvin P was in excellent condition, showing only slight crazing, while in 
absence of Tinuvin P the degree of crazing was more serious. Fine crazing of 
the sulfur stock occurred in presence of Antioxidant 2246 and Tinuvin P, while 
in absence of the absorber very pronounced crazing had occurred. 

It is suggested that a combination of uv absorber and nonstaining anti- 
oxidant effectively protects transparent vulcanizates against sunlight aging. 
In filled stocks the absorber is not so useful since the filler itself acts as a light 
screen. 
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THE DEGRADATION OF MAIN CHAINS AND 
CROSSLINKS IN THE AGING 
OF VULCANIZATES * 


L. I. LyuBcHANSKAYA AND A. S. Kuzminskii 


Russer Researcn Institute, Moscow, USSR 


In sulfur vulcanizates the energy of the bond between the atoms of sulfur 
in the crosslinks may differ essentially from the energy of the bonds in the 
main chains of the polymer since, as is known’, the thermal decomposition of 
the polysulfide bonds may be brought about at considerably lower temperatures 
than the decomposition of the main chains. It was found by one of the present 
authors? that the thermal decomposition of the sulfur bonds brings about an 
inhibition of the oxidation which develops in the chains of the polymer. Con- 
sequently we must not regard the destruction of the chains and the decom- 
position of crosslinks as independent processes. Nevertheless the difference 
in the rates of destruction and decomposition is so great that these processes 
may be separated. 

There are in the literature different views as to which elements in the 
structure of the vulcanizates the processes of aging extend to. Tobolsky’® 
asserts that the chemical relaxation of stress is caused by oxidative destruction 
of the polymeric chain of the vulcanizate independently of its structure. On 
the other hand Watson and coworkers‘ consider that the decomposition of the 
lattice of the vulcanizate is the result of scission of chemical crosslinks. 

In the present investigation it was established that, depending upon the 
composition of the vulcanizate and the conditions of the experiment, the process 
of aging may involve both the chains of polymer and the crosslinks, forming a 
three-dimensional lattice of the vulcanizates. 

It is well-known that slight chemical changes cause considerable alterations 
in the mechanical properties, therefore in the early stages of aging, when it is 
still impossible to detect the reaction which has started by chemical methods, 
mechanical methods are sufficiently sensitive. 

We investigated the chemical relaxation of stress in vulcanizates differing 
both in the nature of the crosslinks and in the reaction capacity of the polymeric 
chain in relation to oxygen. 

For study we selected vulcanizates based on natural and sodium butadiene 
rubbers, made up to the following formulas: 


I—Rubber 100 parts by weight, stearic acid 2.0, zinc oxide 5.0, phenyl-2- 
naphthylamine 2.0, tetramethylthiuram disulfide 3.0. 
II—Rubber 100 parts by weight, stearic acid 2.0, zine oxide 5.0, phenyl-2- 
naphthylamine 2.0, diphenyl guanidine 1.0, sulfur 6.0. 


The investigation of the chemical relaxation of stress was carried out on a 
specially designed apparatus, an axial compression relaxometer®. Throughout 
the whole experiment the degree of deformation was kept constant and was 


ume by R. J. Moseley from Doklady Akad. Nauk SSSR 135, 1436-8 (1960) ; translation 881 of 
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Fig. 1.—Influence of the nature of the polymer upon the kinetics of chemical relaxation of stress in 
vulcanizates containing predominantly monosulfides (A) and polysulfides (B). 1—Vulcanizate based 
on natural rubber; 2—Vulcanizate based on SKB. 


equal to 30% compression. Before the beginning of the experiment the speci- 
mens in the deformed state were kept for 2 days at room temperature to remove 
physical relaxation. 

In Figure 1 we present data on the kinetics of chemical relaxation of stresses 
in vulcanizates based on natural and sodium butadiene rubbers with predomi- 
nant content of monosulfide bonds. The kinetic curves of these vulcanizates 
with the exception of the quite small initial portion, are described by the 
equation of monomolecular reaction (o; = ooe~*'), which is evidence of the 
decomposition of one type of bond. The rate constants of the process, cal- 
culated from the above equation are 1.54-10~* A~' for vuleanizates of natural 
rubber, and for a vulcanizate of SKB 2.1-10-* A~'. Thus the process of 
chemical relaxation in vuleanizates of natural rubber takes place approximately 
8 times as rapidly as with the corresponding vulcanizate of sodium butadiene 
rubber. It is known* that at the same temperature the rubbers in question 
differ in rate of oxidation approximately by 7 times. The rate of chemical 
relaxation of these vulcanizates is sharply reduced when the experiments are 
carried out in a vacuum (Figure 2). The lowering of the concentration of 
oxygen from the atmospheric level to 10-? mm mercury column leads to a 5-fold 
reduction in the rate of the process. These facts are evidence that chemical 
relaxation in the present case is determined by oxidative decomposition of the 
polymeric chains in vulcanizates. 

A quite different picture is observed in the investigation of the chemical 
relaxation of stresses in vulcanizates with a predominant content of polysulfide 
bonds. 


The agreement of the exponential dependence in the present case is observed 


48 96 144 I92 h 


Fra. 2.—Influence of concentration of oxygen upon the kinetics of chemical relaxation of a vulcanizate 
based on natural rubber, containing. predominantly monosulfide bonds (A) and ——_ bonds ®). 
Temperature of compression (B) 90°. Temperature of aging 100° C, the degree o compression 30% 
1—in air; 2—in vacuum (10-? mm mercury column). 
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only after the stress in the vulcanizate falls approximately to 50% of the original 
value. 

In the initial stage of the process (as far as the 50% fall in stress) the rates 
of relaxation of stress are identical for the two types of rubber, while in the 
final stage they are 4.2-10~* A“ for vulcanizates of natural rubber, and 3.1 -10-* 
h~ for vulcanizates of SKB, i.e. the difference in the rates does not exceed 20%. 
For vulcanizates of this type carrying out the experiments in the absence of 
oxygen does not bring about any perceptible reduction in the rate of stress 
relaxation of the vulcanizates as compared with the corresponding experiments 
carried out.in air. 

It must be pointed out that the decomposition of the polysulfide bonds 
depends little upon the concentration of oxygen and proceeds immeasurably 
more rapidly than the oxidative decomposition of the main chains of the 
polymer. The rate of chemical relaxation in air for a vulcanizate based on 
natural rubber with polysulfide bonds is 20 times as high as the corresponding 
rate for vulcanizates with monosulfide bonds. In the vulcanizates in question 
oxidative destruction of the polymer chain is not able to develop or lead to 
any perceptible fall in stress in comparison with the thermal decomposition 
of the polysulfide bonds, and therefore the reaction capacity of the polymers 
and the concentration of oxygen exert no important influence upon the rate 
of chemical relaxation. 

On analyzing the data given, it is possible to draw the following main 
conclusions. In the process of aging two concurrent tendencies are observed : 
oxidative destruction of the main chains of the polymer and thermal decom- 
position of the sulfur crosslinks. 

Where strong crosslinks (monosulfides) are present in the vulcanizates the 
chemical relaxation of stress is determined by the oxidative destruction of the 
main chains of the polymer, and it is therefore natural that the rate of relaxation 
depends upon the reaction capacity of the polymers and upon the concentration 
of oxygen. 

In the case of the lattice of the vulcanizates being formed by polysulfide 
bonds, the rate of thermal decomposition of these bonds exceeds by one order 
the rate of oxidative destruction of the polymeric chains and determines the 
rate of the process of chemical relaxation of stress. 

Comparison of the data on the alteration in the equilibrium modulus (the 
magnitude of which is proportional to the density of crosslinks) and the relaxa- 
tion of stress in the process of aging of the vulcanizates in question showed 
that with a fall in stress to zero the equilibrium modulus alters by 15 to 20% 
at the outside. This is evidence that in aging in the stressed state there takes 
place not only decomposition of the bonds but also a further regrouping. It 
is natural that the destruction of bonds takes place in stressed places, and the 
formation of new bonds in unstressed portions of the lattice. As a result of 
such regrouping we observe a gradual reduction in the number of stressed bonds 
to the point of their complete exhaustion, while the total number of bonds 
remains close to the initial. 
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INTERNAL RUPTURE OF BONDED RUBBER 
CYLINDERS IN TENSION * 


A. N. Gent anp P. B. LINDLEY 


Tue Natura, Russer Propucers’ Researcu ASSOCIATION, 
Wetwrn Garpen City, Herts., ENGLAND 


1, INTRODUCTION 


An unusual rupture process has been encountered in the course of an experi- 
mental examination of the tensile strength of vulcanized rubber cylinders, 
bonded to plane metal endpieces. It consists of the sudden appearance of 
internal flaws at a well-defined, and comparatively small, tensile load. Their 
occurrence may be marked by a discontinuity in the curve relating the applied 
tensile load to the deflection, and sometimes by an audible popping, while in 
particularly weak rubbers they may cause complete failure. In general the 
flaws are wholly enclosed and might well pass undetected, although their 
presence would be expected to impair the strength, service behavior and life. 

An experimental study of the cracking process is described in Sections 2 and 
3 below. A theoretical treatment is given in Section 4. 

Yerzley' has described a ‘yield-point’ in the load-extension relations of 
similar testpieces and attributed it to internal rupture. Where comparison 
can be made, his observations are in reasonable agreement with those described 
below. [At the time of the original publication of this work the authors were 
unaware that Busse had described the phenomenon of internal rupture (J. 
Appl. Phys. 9, 438 (1938)), in addition to, and slightly earlier than, Yerzley. 
Advantage is taken of the present opportunity to acknowledge Busse’s work. } 


2. EXPERIMENTAL METHOD 


Measurement of cracking load.—-The testpieces consisted of vulcanized 
rubber cylinders, bonded to plane metal endpieces by means of cements 
(Ty-Ply UP and RC) during vulcanization. The cylinders were generally 
2 cm in diameter and from 0.06 to 0.5 cm in thickness. Many different rubber 
formulations were employed, those to which particular reference is made below 
being given in the Appendix. 

The load-deflection relations in tension were determined using a Hounsfield 
tensometer, the rate of deflection being adjusted to about 100% of the testpiece 
thickness per minute. Some typical experimentally determined relations are 
shown in Figure 1 for testpieces of various thicknesses of a soft natural rubber 
vulcanizate D. 

The point at which cracking occurred was, in general, clearly shown by a 
marked discontinuity in the load-deflection relation, accompanied frequently 
by an audible popping. As the testpiece thickness increased, however, the 
change in character of the load-deflection relation became much less pro- 

* Reprinted from the Proceedings of the Royal Society, Vol. 249A, pages 195-205 (1958). See also Nature 


180, 912. (1957); Rupser Cuem. & Tecunov. 31, 393 (1958). The present address of Dr. Gent is Univer- 
sity of Akron, ‘Akron, Ohio. 
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nounced, although small fluctuations in the measured load, which are not 
resolvable in the corresponding curves of Figure 1, were observed when a 
critical value of load was exceeded. Such behavior was also observed generally 
for testpieces of rubber containing large quantities of carbon black. The 
maximum value of the tensile load attained before the first fluctuation, which 
ranged from a marked fall to a slight momentary stoppage, has therefore been 
taken as a characteristic cracking load. This definition yielded unambiguous, 
highly reproducible values, indicated in Figure 1 by small arrows. 
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Fic. 1.—Experimentally determined load-extension relations for bonded rubber cylinders of vuleuniaate 
D. Testpiece dimensions: diameter, 2.0 cm; thickness (from left to right), 0.056, 0.086, 0.145, 0.183, 
0.320, 0.365, 0.565, 0.980 cm. 


A number of testpieces of vulcanizate D were cut open after the imposition 
of various tensile loads. No sign of internal flaws was found for loads smaller 
than the cracking load defined above, while for loads slightly exceeding this, 
well-defined cracks were found to be present. For loads much higher than 
the cracking load secondary cracks were found, particularly in the neighbor- 
hood of the bonded surfaces, but the main crack pattern was not greatly 
altered. The cracking load defined above may therefore be considered ap- 
propriate to the main cracking process. 

Evidence for crack formation at critical load—Three further experiments 
were carried out to confirm that the change in character of the load-deformation 
relation is associated with the formation of internal flaws. In the first, a test- 
piece of vulcanizate D was subjected to a loading and unloading cycle with a 
maximum imposed tensile load somewhat larger than the characteristic cracking 
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load. The corresponding load-deflection relation is shown in Figure 2, Curves 
Iand II. The testpiece was then extended again (Curve III) and was found 
to follow closely the unloading Curve II, markedly below Curve I, suggesting 
that an irreversible softening had occurred on the first extension. As the soft 
natural rubber vulcanizate used resembles an ideal highly elastic material, the 
irreversibility cannot be attributed to hysteresis and is evidence therefore for 
internal failure. 

In a second experiment, photographs were taken of a testpiece in the un- 
strained state, subjected to a load of 54 kg, and subjected to a load of 59 kg. 
The cracking load for this testpiece was about 58 kg. From measurements on 
the photographed silhouettes of the testpiece its volume was calculated in the 
three states, and was found to increase by only 1% or so under the load of 54 kg 
but by a further 7% under the additional 5 kg, suggesting the formation of 
internal voids. 
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Fic. 2.—Load-extension relations for a cylinder of vulcanizate D, 2.0 cm in diameter and 0.19 em thick. 
Curve I, first extension; Curve II, retraction after first extension; Curve III, second extension. 


In a third experiment a testpiece was prepared in a transparent vulcanizate 
G and subjected to increasing tensile loads. At the characteristic cracking 
load a relatively large hole appeared in the center of the testpiece. As the 
deflection increased further, the load remaining substantially constant, other 
flaws occurred until the testpiece appeared to consist principally of large voids. 
On releasing the testpiece they reduced to cracks of the size and number usually 
encountered. A photograph of the stretched testpiece under a tensile stress 
of 8.6 kg/cm? is shown in Figure 3, the large central hole being indicated by an 
arrow. The circumferential mark round the testpiece is merely the mold- 
dividing line and serves to show that the void is entirely enclosed. 


3. EXPERIMENTAL RESULTS 


Crack size, number, and disposition.—Testpieces of vulcanizate D, similar to 
those for which the load-deflection relations are given in Figure 1, were sub- 
jected to a tensile stress of 28 kg/cm? and then cut open. The central cross 
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Fic. 3.—Bonded cylinder of vulcanizate G under a tensile stress of 8.6 kg/cm?. 


sections are shown in Figure 4. In the thinner testpieces a large number of 
small cracks was found, uniformly distributed across the section but ceasing 
in the neighborhood of the free surface. As the testpiece thickness increased 


Fie. 4.—Central cross sections of testpieces of vulcanizate D, cut o 
stress of 28 kg/cm*. The testpiece thicknesses are: top row, left to righ 
row, left to right, 0.180, 0.295, 0.370 cm. 


a 
n after the imposition of a tensile 
t, 0.061, 0.089, 0.137 cm; bottom q 
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the average crack size became larger and the number decreased until only one 
or two large cracks occurred in the center of the testpiece. 

When the thickness was greater than about 0.5 cm the cracks were found 
to occur in two regions near the two metal endpieces, the central portion of the 
testpiece being free from cracks. Testpieces of this thickness do not exhibit 
marked curvature or necking over the whole free surface; it is confined to 
regions close to the bonded faces, the central region being relatively uniformly 
extended. It seems probable that the cracking is associated with the necking 
of the testpieces under tensile loads, and a theoretical treatment on this basis 
is presented in Section 4 


Fia. 5.—Central cross section of a testpiece of a vulcanizate “~-eo= ao. 1) (lampblack), 
cut open after the imposition of a large tensile load. fagn 


Cracking in carbon black-filled vulcanizates.—Similar behavior was shown by 
testpieces of vulcanizates containing carbon black. The cracks were found to 
be of quite a different appearance, however, when large quantities of carbon 
black were present, being generally spherical with marked ‘onion-skin’ features 
as shown in Figure 5. The difference between the flaws formed in unfilled and 
filled vuleanizates seems to be related to the different processes observed in 
linear tearing, namely, smooth and knotty tearing, respectively?. The spherical 
flaws presumably correspond to a three-dimensional form of knotty tearing. 

The cracking load was found to be much less well defined for the carbon 
black-filled vulcanizates, presumably because of the smaller size of the flaws 
formed. For moderately thick testpieces it was not found possible to identify 
the point at which cracking occurred from observations of the load-extension 
relations. 

Dependence of cracking stress on testpiece thickness—In Figure 6 the mean 
cracking stress S’, given by the tensile load at which cracking occurred divided 
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cracking stress, S’ (Kg/cm?) 
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test-piece thickness (cm) 


Fia, 6.—Relations between the cracking stress S’ and the testpiece thickness 
for a number of different vulcanizates. 
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Fic. 7.—Relations between the cracking stress S’ and the Young’s modulus £ 
of the vulcanizate, for testpieces 0.3 cm thick. 
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by the area of one bonded face, is plotted against the testpiece thickness for a 
number of different vulcanizates. As the testpiece thickness is increased from 
a very small value to 0.3 cm the cracking stress is seen to fall by about a factor 
of two, becoming substantially constant thereafter. 

Dependence of cracking stress on stiffness and strength of the rubber.—The 
cracking stress S’ was found to be generally higher for the stiffer vulcanizates, 
depending linearly on the Young’s modulus £ of the rubber to a first approxima- 
tion. The measured values of S’ for testpieces about 0.3 cm thick are plotted 
in Figure 7 against the values of E, calculated from measurements of the British 
Standard hardness’, for all the rubbers examined. The full line shown in 
Figure 7 represents the relation 


S’ = 0.55E£ + 0.5 kg/cm? 


and is seen to describe the experimental measurements with fair success. 
compared with the predictions of the theoretical treatment in Section 4. 


TABLE 
REPRESENTATIVE VALUES OF BREAKING STRESS 


Cracking stress 
Hardness (kg/cm*) for 
(B.8. it testpieces 
Vulcanizate degrees) (kg/cm?) 0.3 cm thick 
70 
63 


* Failure at the rubber/metal interface. 


The tensile strength of the rubber employed was found to have only a minor 
effect on the value of cracking stress obtained. For example, soft vulcanizates 
of natural rubber and a butadiene-styrene copolymer (SBR) of similar stiffness 
were found to have similar cracking stresses of 8.5 and 7.6 kg/cm’, re- 
spectively. The tensile strengths of the rubbers were quite dissimilar, however, 
being 158 and 20 kg/cm’, respectively, calculated on the unstrained cross- 
sectional area. 

Ultimate strength of bonded testpieces—The majority of testpieces failed 
ultimately at a value of applied stress many times larger than the cracking 
stress. Representative values are given in Table I. For a number of par- 
ticularly weak vulcanizates, however (for example, vulcanizates E and F in 
Table I) total failure occurred consistently at a load only slightly higher than 
the cracking load. The fractures appeared to be due to the growth of one or 
two internal cracks to sever the testpiece. 


4. THEORETICAL TREATMENT 


Effect of testpiece thickness.—A treatment has been given elsewhere for the 
stiffness of bonded rubber cylinders under small compressions: ®. The com- 
pressive stress is resolved into two components, one arising from a homogeneous 


Average 
breaking 
stress 
(kg/cm?) 
106 
113 
C 55 28.5 15.9 103 ae 
D 45 18.0 12.3 66* a 
E 38 12.8 8.0 12.5 Pa 
F 37 12.2 7.7 12 bat 
G 33 10.0 6.7 39.5* eet 
H 32 9.5 6.95 34* ae 
ae 
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compression of the cylinder and one arising from the restraints at the bonded 
surfaces. The second component, the major one for short cylinders, has been 
shown to consist of a hydrostatic pressure having a maximum value P,, at 
points along the axis of the cylinder, given by 


Pm = Eea*/h? 


where £ is the Young’s modulus of the rubber, e is the fractional compression 
imposed, and a and h are the radius and thickness of the cylinder, respectively. 
The average compressive stress S necessary to maintain the compression e has 
been obtained as 


S = Ee(1 + a?/2h?) 
Hence 
S = 4P,,(1 + 2h?/a’) (1) 


Similar relations will govern the behavior of bonded cylinders under small 
extensions, where P,, now denotes the negative hydrostatic pressure acting at 
the axis of the cylinder when a small extension e is imposed. 

It is assumed that the cracking process described in preceding sections 
consists of the formation of local fractures under the action of a critical value 
of the negative pressure, denoted P’,,. The corresponding critical value S’ of 
the applied tensile stress is obtained from Equation (1) as 


S’ = 3P’m(1 + 2h?/a*) (2) 


When the testpieces are extremely thin, however, the deformation will consist 
substantially of a bulk dilatation. The negative hydrostatic pressure P,, will 
then be uniform throughout the testpiece, and its value will be given by the 
imposed tensile stress S. 

It follows that, if cracking occurs at a critical value P’, of the negative 
hydrostatic pressure, the corresponding cracking stress S’ will decrease from a 
value of P’,, for infinitesimally thin testpieces to a value of about P’,,/2 for 
testpieces of moderate thickness. This variation is in accord with that ob- 
served experimentally, Figure 6. 

Moreover, the critical value of P’,, will be attained over the major part of 
the cross-section for the thinner testpieces, whereas it will be attained only in 
the central region of moderately thick testpieces. A corresponding change in 
the location of cracks is observed, those in the thinnest testpieces being dis- 
tributed throughout the cross section, while those in moderately thick test- 
pieces are restricted to the central region, Figure 4. 

It has been found experimentally that the cracking stress is linearly de- 
pendent on the Young’s modulus of the vulcanizate, to a first approximation, 
Figure 7. For testpieces of about 0.3 cm thickness the relation obtained was 


S’ = 0.55E + 0.5 kg/cm? 


For these testpieces the critical negative hydrostatic pressure P’,, is given by 
Equation (2) above as 1.7 S’, and hence 


P’, = 0.94E + 0.85 kg/em? 


| 

| 


INTERNAL RUPTURE IN RUBBER CYLINDERS 933 


A similar relation would have been obtained by considering the cracking stress 
for extremely thin testpieces, since the cracking stress observed is about twice 
as large, while it is also a direct measure of P’,,. 

In the following section relations between P’,, and E are derived theo- 
retically. 

Calculation of cracking stress —The behavior of a small region of the test- 
piece under the action of a negative hydrostatic pressure P,, is considered 
below. The region is assumed to contain an extremely small spherical cavity, 
sufficiently small for the region around it to be treated as an infinitely thick 
spherical shell. The surface of the cavity is assumed to be force-free, and the 
deformation of this surface is examined when outwardly-directed tractions of 
magnitude P,, act on the outer surface, i.e., at infinity. 

Solutions may be obtained, when a particular form is assumed for the stored- 
energy function of the rubber, for the deformation of a thick spherical shell 
under the action of forces applied to the inner and outer surfaces®. For an 
incompressible highly elastic material which is isotropic in the undeformed 
state, the stored energy W is a function of two strain invariants J; and J2, where 


+A? 
I, = Ay? + + APA? 


and Aj, Az are the principal extension ratios. The kinetic theory of rubberlike 
elasticity yields a particularly simple form for the stored-energy function with 
no term involving /2, 

W = C(I; — 3) 


where C is a constant. When the spherical shell is infinitely thick and the 
inner surface is force-free, the corresponding relation between the extension 
ratio of the circumference of the inner surface and the tractions P,, acting at 
infinity takes the form 


(3) 


A relation between P,, and \ may also be obtained when the stored-energy 
function for the rubber takes the two-constant Mooney form’. However, the 
rubber at the surface of the cavity is in two-dimensional extension, a deforma- 
tion for which the Mooney form of stored-energy function is quite inappro- 
priate* *. A simple logarithmic form for the stored-energy function, 


W = — 3) + We ln (412) 


where W, and W, are constants, has recently been proposed as generally ap- 
plicable’, the corresponding relation between P,, and \ being 


Pa = Wi 


[im + {tan-*y2 — tan” (37)} | (4) 


where W, and W; are constants. Experiments indicate that the value of the 
ratio W2/W, is of the order of 1.0 for a soft vulcanized rubber, and it has been 
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given this value in the following analysis. The conclusions are not materially 
affected, however, if widely different values are assumed. 

In Figure 8 the predictions of Equations (3) and (4) are represented by 
Curves I and II, respectively, the negative hydrostatic pressure P,, being 
plotted relative to the Young’s modulus EF against the extension ratio \ at the 
surface of the cavity. For the kinetic theory form of stored-energy function 
E is given by 6C, while for the logarithmic form E is given by 6W,; + 2W2. 

The two relations are seen to be closely similar inform. They both predict 
a limiting value for P,, at which A becomes infinite, i.e., the cavity becomes 
infinitely large. The limiting values are 0.833 E and 0.783E, respectively, in 
fairly good agreement with the experimentally determined relation for the 


06 T T 


_ 


J 
2 4 6 8 


A 


Fic. 8.—Calculated relations for an infinitely thick spherical shell between the outwardly-directed 
tensile stress Pm, acting at infinity, and the extension ratio A of the inner circumference of the shell. Curve 
I, simple kinetic theory; Curve II, logarithmic form of stored-energy function. 


critical negative hydrostatic pressure for crack formation, namely P’, = 0.94 
+ 0.85 kg/em?. (The small constant term may be identified with the at- 
mospheric pressure, which is of this order of magnitude and has not been taken 
into account in the theoretical treatment given above.) 

The cavity will presumably burst open at a value of \ between about 4 and 
10, given by the extensibility of the rubber in two-dimensional extension. Over 
this range of X both relations predict little alteration in P,,. Effectively, there- 
fore, both relations predict similar critical values for P,,, independent of the 
rubber strength or extensibility over the practicable range and directly pro- 
portional to the Young’s modulus, in agreement with experiment. In view 
of the inadequacy of the stored-energy functions when the rubber is very 
highly deformed, approaching breaking elongations, the agreement between the 
predicted values of the hydrostatic tension P’,, for crack formation and those 
calculated from the measured cracking stresses must be regarded as highly 
satisfactory. 
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Once rupture of the cavity surface occurs, the tear will proceed until the 
stresses P,, are relieved by the growth of the void (or series of voids) to a size 
sufficient to reduce the hydrostatic tensions markedly. This is in accord with 
observation also. 

A remarkable feature of the theoretical solution is that the predicted crack- 
ing stress is quite independent of the initial size of the cavity. This explains 
why the measured cracking stresses are found to be highly reproducible, in 
contrast to other fracture processes, and also the experimental observation that 
vulcanizates prepared from specially clean rubber and smoked sheet rubber 
with small quantities of fine sand added show similar cracking stresses. 

For sufficiently small cavities, however, it would presumably be necessary 
to consider surface energy changes, as in classical cavitation theory, in addition 
to the treatment developed above from the theory of large elastic deformations. 
The general agreement obtained without including such terms suggests that 
cavities of relatively large size already exist in vulcanized rubber, possibly 
caused by the presence of inclusions—for example, particles of dust or im- 
purities in added materials. 


5. GENERAL CONCLUSIONS 


It has been shown that comparatively small tensile loads cause internal 
rupture in bonded rubber cylinders. A series of small cracks is formed in 
extremely short cylinders, uniformly distributed across the section. In moder- 
ately thick cylinders only one or two large cracks form in the center, while in 
relatively tall cylinders the cracks occur only in the neighborhood of the bonded 


surfaces. 

The cracks appear to form in all vuleanizates although their size and shape 
are affected by the properties of the rubber. In particularly weak rubbers 
they may lead to early failure, at loads which are much below the expected 
breaking load. Their appearance may also lead to major changes in the load- 
deflection relationship of the unit, and would be expected to impair the strength, 
service behavior and life. 

The stress at which the cracks form has been found to be highly reproducible. 
It decreases as the testpiece thickness is increased from very small values, be- 
coming substantially constant for moderately thick specimens. At any thick- 
ness it has been found to depend linearly on the Young’s modulus of the rubber, 
to a first approximation, and to be virtually independent of the rubber strength 
or extensibility. 

The observed variation of cracking stress and crack disposition with test- 
piece thickness has been shown to be in accord with a proposed rupture criterion 
—that the negative pressure component of the applied tensile stress reaches a 
critical value. 

Solutions for the expansion of a small spherical cavity in an infinite block 
subjected to a negative pressure have been obtained by means of the theory of 
large elastic deformations. They predict a critical negative pressure at which 
the cavity becomes infinitely large. The calculated value is in satisfactory 
agreement with the experimental measurements of cracking stress, and the 
observed linear dependence on the Young’s modulus of the vulcanizate is pre- 
dicted. The observation that the cracking stress is virtually independent of 
the extensibility or strength of the rubber is also shown to be in accord with the 
theory, and the good reproducibility is accounted for. The experimental 
results thus suggest that the proposed criterion for crack formation is correct. 
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SUMMARY 


An unusual rupture process is described. It consists of the sudden ap- 
pearance of internal cracks in bonded rubber cylinders at a well-defined and 
comparatively small tensile load. The cracks occur in all the vulcanizates 
examined, and in particularly weak rubbers are found to cause failure. Their 
appearance may also lead to marked changes in the load-deflection relationship. 

A theoretical treatment is presented on the basis of a proposed criterion 
for crack formation. It is assumed that they form when the negative hydro- 
static pressure component of the applied stress reaches a critical value. It is 
shown by means of the theory of large elastic deformations that a critical value 
of the negative pressure exists at which any cavity in the rubber will burst, and 
the calculated value is shown to be in satisfactory agreement with experiment. 
Moreover, the theory successfully predicts the observed dependence of the 
cracking stress on the Young’s modulus of the rubber, its virtual independence 
of the rubber strength and extensibility, and the general form of the observed 
variation of cracking stress and crack disposition with the thickness of the 
testpiece. 
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APPENDIX 


The mix formulations in parts by weight and the vulcanization conditions 
employed are given below: 


A 


Natural rubber (smoked 100 
sheet) 
SBR (Polysar S) 
Zinc oxide 
Stearic acid 
Zinc stearate 
Sulfur 
Dicumy] peroxide 
Santocure* 
Vulcafor DHC® 
Phenyl-2-naphthylamine 
Nonox 
Dutrex 
Lampblack 
Vulcanization time (min at 
140° C 
N-cycloh benzt 
9 Substituted triphenyl methane. 
Hydrocarbon oil (processing aid). 
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THE INDENTATION AND PUNCTURE PROPERTIES 
OF RUBBER VULCANIZATES * 


G. S. Yeu D. I. Livingston 


Researcu Division, Tue Goopyear Tire & Russer Co., AKRON, 


INTRODUCTION 


The relation between the applied load and the depth of penetration of 
rubber compounds at relatively small deformations has been examined ex- 
tensively, both theoretically and experimentally. In general, the relation is a 
function of the shape of the indenter, and the difference between a theoretically 
derived relation and one obtained experimentally lies in a shape factor intro- 
duced in the latter case. For example, Timoshenko', using the theory of 
elasticity, derived the equation 


F = 1.78 Er*d'* (1) 
for a ball-type indenter, whereas, Scott? obtained an empirical equation 

F = 1.91 Er-“q'** (2) 
for penetration of the sample to a depth not exceeding 80% of the indenter 
diameter. F, E, r and d stand for load, Young’s modulus, radius of indenter 


and depth of penetration respectively. Thus, if one rewrites Scott’s equation as 


F = 1.91 (2a) 


Equations (1) and (3) differ essentially by a shape factor which is explicitly 
given. For greater penetration, Scott’ finds that Equation (2) no longer holds 
but that the theoretical relation of 


F = 2.67 Erd (3) 


originally derived‘ for a flat-ended cylindrical indenter applies. 

Puncture of rubber was suggested by Vickers and Robison® as a means of 
studying the surface strength or penetration resistance of a rubber compound. 
They have indicated that materials which exhibit higher resistance to penetra- 
tion trend toward greater abrasion resistance. Ina recent study®, the puncture 
strength of a number of rubber compounds was shown to vary over a wide 
range of rate and temperature. Upon examining the relation between the 
penetration force and the penetration depth, two regions of linearity were ob- 
served on a logarithmic plot of force vs. depth, see Figure 1. The force-depth 
relation up to puncture was found to be characteristic of all four rubber com- 


* Presented at the meeting of the Division of Rubber Chemistry ACS, Louisville, Kentucky, April 19-21, 
1961, Contribution No. 265 from the Research Laboratory of The Goodyear Tire & Rubber Company. 
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pounds studied, both gum and reinforced. The present work was undertaken 
to study in detail the characteristic relation between penetration force and 
penetration depth and to explore the puncture measurement as a method of 
providing useful information about rubber compounds. 


EXPERIMENTAL 


Shape of the indenter —The indenter used in the present investigation is the 
cylindrical type with a flat end employed in the earlier work®. The choice of a 
flat-ended indenter was dictated by the reproducibility of the experimental 
results and the ease of fabricating and reproducing the indenters. The latter 


SECOND REGION 
OF LINEARITY 


FIRST REGION OF 
LINEARITY 


us 
Oo 


DEPTH, INCH 


Fie. 1.—Logarithmic plot of force vs. depth of penetration for cold SBR tread compound 
at 10° C and 0.05 in./min.; diameter of indenter, 0.047 in. 


reason becomes important when we bear in mind that the rubber compounds 
have a wide range of Young’s modulus and breakage of the indenter may be 
unavoidable. 

Size of the indenter and thickness of the rubber samples—The mechanical 
strength of the indenter (q.v. range of modulus above) requires different sizes 
of indenter and the size of the indenter should be chosen in relation to the thick- 
ness of the rubber specimen. Scott? made a thorough investigation of the 
effect of sample thickness in different hardness tests and found that the com- 
pressive force encountered in the penetration of an elastic material can be 
minimized by the reduction in size of indenter for a given thickness of rubber 
sample. Larrick® has indicated that a minimum thickness of t = 10(dD/2)°-° 
is sufficient for the compressive force along the axis of penetration to drop to 
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about 1% of its initial value, d being the depth of penetration and D the 


diameter of t 


he indenter. We have made an experimental study of the effect 


of the indenter size and the sample thickness on both the puncture strength 
and the puncture depth for a given rubber compound R (see Table I). The 
compound was cured and molded into 1 in. X 1 in. X 2 in. blocks. Two more 
thicknesses, 0.5 and 0.6 inches, were carefully prepared from the same 1 in. X 1 
in. X 2 in. block in order to minimize any other variables such as cure time 


that might b 
0.031, 0.047 


» 


PUNCTURE DEPTH 


natural tread compound R. Indenter diameters: 


STRENGTH,LB 


e involved in such a study. Three convenient sizes of indenters 
and 0.062 inches in diameter were selected. The variation in 


Ae) 
THICKNESS, INCH 
Fie. 2.—Effect of th 
G. ‘ect of indenter size and sample thickness on puncture depth 


© 0.031 in. 


puncture strength with thickness was found to be insignificant whereas the 
puncture depth did increase with thickness and the effect was most pronounced 
for the 0.062 in. indenter as shown in Figure 2. Therefore, the effect of thick- 
ness can be diminished by the reduction in size of the indenter, and when the 
minimum thickness requirement of t = 10(dD/2)°-* is reasonably fulfilled, this 
effect becomes almost negligible. For the present investigation, we chose an 
indenter with a diameter of 0.031 in. for the gum compounds and one of 0.047 in. 
diameter for the reinforced compounds as being suitable for use with the 


0.5 in. X 0.5 


in. X 4 in. test specimen. The effect of the test distance from a 


free edge was also examined. On the basis of the above considerations, a 


distance of 1 


0(dD/2)°* should be considered necessary. However, a distance 
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Fie. 3.—A typical penetration curve (butyl tread compound). 
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of 0.25 in. was found satisfactory for the two sizes of indenter employed. A 
total of twenty-two rubber compounds, A to V in Table I, was selected to cover 
a wide range of modulus. The test specimen was placed on the compression 
load cell of an Instron testing machine. The indenter was mounted on the 
crosshead of the Instron tester directly above the test specimen. All rubber 
compounds were puncture-tested at a constant room temperature of 25° C and 
a constant rate of one inch per minute. Previous work® had indicated that 
better reproducibility of experimental results could be obtained if the indenter 


wi 


. 
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DEPTH, INCH 


Fie. 5.—Logarithmic plot of force vs. depth of penetration for natural rubber tread erpeune R. 
Indenter diameters: (1) 0.078 in.; (2) 0.062 in.; (3) 0.047 in.; (4) 0.031 


was coated with a thin film of silicone grease before each test, and this procedure 
was carefully followed throughout. A minimum of two measurements was 
made on each compound in the evaluation of the puncture strength and depth. 
A typical load-depth curve is shown in Figure 3. Several sizes of indenters 
were also used for testing compounds R, T, and V in determining the relation 
between the indenter size and penetration force. In addition, Young’s modulus 
was determined for all twenty-two rubber compounds by finding the load re- 
quired to stretch a testpiece of .075 in. X 0.5 in. X 3 in. to an elongation of 
15%. Standard Shore A hardness measurements also were made on the same 
testpieces used for puncture-testing. 
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INDENTATION AND PUNCTURE PROPERTIES 


RESULTS AND DISCUSSION 


The force required to reach a penetration of 0.05 in., corresponding to the 
first region of linearity, and second, the force required to reach a penetration 
of 0.20 in. corresponding to the second region of linearity have been plotted 
against Young’s modulus at 15% elongation, see Figure 4. Because of the 
different sizes of indenters used the gum compounds and tread compounds fall 
on different lines. The scattering is probably largely due to the experimental 
error involved in the determination of Young’s modulus and the omission of the 
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Fic. 6.—Cold SBR tread compound T; curve identifications the same as for Figure 4. 


incubation time’ in curing the rubber compounds having the 0.5 X 0.5 in. cross 
section. However, a slope close to one is observed for both the gum and tread 
compounds, indicating the direct proportionality of the penetration force to 
Young’s modulus in both regions of linearity. 

A detailed analysis of the load-depth curves obtained by puncturing com- 
pounds R, T, and V with several sizes of indenters was made by plotting the 
logarithm of the force vs. the logarithm of the depth as shown in Figures 5, 6 
and 7. In the cases of compounds R and V, punctures occurred at values 
smaller than that expected for the 0.078 in. diameter indenter. This may be 
explained on the basis of minimum thickness requirement, which is far from 
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being fulfilled for the 0.078 in. diameter indenter. The linearity can still be 
observed here, and both regions of linearity show up distinctly for all four 
indenters. It is interesting to note that the breaks in the curves are displaced 
by an amount roughly proportional to the indenter diameter. 

The first regions all extend to a penetration depth approximately equal to 
twice the indenter diameter up to which the slope is close to one for all three 
compounds. The force intercepts at d = 0.01 in., are in direct proportion to 
the diameters of the indenters, although there is some doubt about the lowest 
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Fie. 7.—O E SBR tread compound V; curve identifications the same as for Figure 4. 


points which could not be determined so accurately. Based on the experi- 
mental data shown in Figure 4, the constant in Timoshenko’s equation (Equa- 
tion 3) has been obtained and found to deviate by +20% from the theoretical 
value. Therefore, using I to designate the first region of linearity, Equation 3 
can be written as 

Fy = 2.67 Erd (3a) 


which is shown to be applicable here to a first approximation. Scott! has 
also verified this theoretical relation for a flat-ended cylindrical indenter. 
However, he did not specify exactly what the penetration limitation was. 

In the second region, the slopes are close to 1.5 and since the force has 
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Fic, 8.—Logarithmic plot of F11/F1 vs. indenter radius for natural rubber tread compound R. 


already been shown to be in direct proportion to Young’s modulus, the second 


region can be described by an equation of the type, 
Fy, = cEr™d'4 (4) 
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.Ol 05 J 
RADIUS, INCH 
Fie, 9.—Same type of plot as Figure 8 but for cold SBR tread compound T. 
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Fig. 10.—Same type of plot as Figure 8 but for O E SBR tread compound V. 


5 


where c and m are constants to be evaluated. Combining equations (3a) and 
(4) and extrapolating to d = 1, the ratio of the force intercepts is 


= c/2.67 


TaBLe II 
CoMPARISON OF E; AND Eq, 
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Compound £1, psi Eu, psi 
83 46 
95 112 
224 217 
252 256 : 
120 148 
143 172 
157 161 
202 282 
169 171 
110 113 
414 416 
545 548 
| 700 714 
1590 1320 
430 431 
570 640 
560 614 7 
720 750 
707 712 
830 845 
502 456 
670 675 
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From the slope and the intercept as r = 1 of a log-log plot of F11/F 1 vs. the 
radius of the indenter, c and m can readily be shown to be 1.34 and 0.5, see 
Figures 8, 9 and 10, where the slopes are approximately —0.5 and the intercepts 
at unit radius vary between 0.49 and 0.51. We can, therefore, write 


Fy, = 1.34 (5) 
100 
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Fie. 11.—Relation between hardness and Young’s moduiun. @ region I; 
A region II; full curve, theoretical. 


as suitable for describing the second region of linearity. This equation can be 
rewritten in the form 


d 0.5 
Fy = 2.67 Erd (<) (5a) 
4r 


and (d/4r)°-5 looked upon as a shape factor introduced in the original equation. 
The two equations that describe the two regions of linearity become the same 
when (d/4r)°* is equal to unity. In other words, the first region should end 
when the penetration reaches about twice the diameter of the indenter, which 
is exactly the case observed for all four indenters. 
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Fig. 12.—Effect of carbon black loading on puncture strength and puncture depth 
for natural rubber tread compound W. O puncture strength, [) puncture depth. 


By means of the empirically derived relation between puncture strength, 
puncture depth, and indenter radius, the Young’s modulus of rubber can also 
be calculated from the results of a puncture measurement. A comparison of 
Young’s modulus calculated using both equations, namely, (3a) and (5), is 
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Fig. 13,—Effect of vulcanization time on puncture strength and puncture depth 
for butyl tread compound. © puncture strength, (1) puncture depth. 
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VULCANIZATION TIME, MIN/275°F 
Fic. 14.—Natural rubber tread compound. 


presented in Table II for all twenty-two rubber compounds. For Equation 
(3a) an arbitrary depth of 0.05 in. was chosen for simplicity of calculation and 
in Equation (5) the ultimate puncture strength and depth were employed. 
The agreement is considered surprisingly good in spite of the experimental 
errors involved and the approximations made. The Young’s modulus so 
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Fie. 15.—Cold SBR tread compound. 
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calculated is plotted against the Shore A hardness in Figure 11. The full curve 
represents the theoretical relation" between the Young’s modulus and British 
Standard hardness. B.S. degrees and Shore hardness degrees are approxi- 
mately equivalent over the useful part of the hardness range. Fairly good 
agreement is observed between the experimental points and the theoretical 
curve at hardnesses below 40 but above this value, for the more highly rein- 
forced compounds, the scattering becomes very pronounced. One possible 
explanation may involve inhomogeneity present in tread compounds. This 
method is sufficiently accurate for many practical purposes and forms another 
useful means of determining Young’s modulus in addition to supplying the 
knowledge of puncture strength and depth. The significance of these quan- 
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Fic. 16.—OE SBR tread compound. 


tities is suggested by the following investigations. The results shown in Figures 
12 through 16 were obtained from one inch thick specimens to accommodate 
the large puncture depth of the soft compounds. 

The effect of filler reinforeement on Young’s modulus can be sensitively 
measured by this method. Figure 12 shows the variation of puncture strength 
and depth with carbon black loading for compound W. The increase in 
puncture strength and decrease in puncture depth confirms the increase in 
Young’s modulus or hardness with black loading. 

The optimum cure in vulcanization is generally judged from tensile, elonga- 
tion, and 300% modulus data. By means of puncture measurements, the 
optimum cure can be picked out very simply and readily. Figures 13 through 
16 show the variation of puncture strength and depth with variation in cure 
time at a given temperature for several rubber compounds. An increase in cure 
time results in an increase in puncture strength and a decrease in puncture 
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Fic. 17.—Effect of radiation on the puncture strength and the puncture depth for cold SBR 
tread compound X. © puncture strength; [J] puncture depth. 


depth until at some optimum cure further increase in cure time has little effect 
on either puncture property, reflecting a fairly constant Young’s modulus. The 
vertical arrow indicates the optimum cure time based on general considerations 
of tensile, elongation, and 300% modulus data, and with which the puncture 
method selection agrees fairly well. 

A similar study was made on some radiation-cured rubber compounds. 
The samples containing curatives were molded for five minutes at 275° F and 
then exposed to given amounts of gamma radiation (Co60). Figure 17 again 
shows a plot of puncture properties against cure in terms of the radiation dose. 
The vertical arrow indicates the amount of radiation required for an optimum 
eure, which is in complete agreement with conclusions drawn from other 
physical tests. 

Of considerable interest is the relationship of the puncture properties to 
laboratory abrasion resistance and to roadwear rating. We have experience 
which shows that laboratory abrasion resistance, as measured by ring abrasion, 
trends with the puncture strength. But it is well known that laboratory 
abrasion measurements have not correlated well with roadwear ratings. The 


TABLe III 


CoMPARISON OF THE RoapDWEAR RatING, Pico ABRASION 
AND PuncTurRE Propuct INDEXES 


Roadwear* Relative 
Compound* rating Pico* rating puncture product 
Hot SBR-EPC 90 90 + 10% 
NR-EPC 100 100 
Cold SBR-EPC 110 110 + 10% 
Cold SBR-HAF 125 125 + 10% 
Cold SBR-SAF 150 150 + 10% 


* See Reference (12). 
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Pico’ abrasion measurements appear to be an exception. Rather than the 
puncture strength, we have found that the quantity which appears to be related 
to the roadwear is the product of puncture strength and puncture depth, or 
puncture product, which is generally related to the puncture work. Table III 
gives the relative puncture products for a series of compounds as well as the 
reported” roadwear ratings, showing surprisingly good agreement as do the 
Pico ratings. However, the puncture test is much simpler to perform. 

These studies suggest the potential use of the puncture test for the evalua- 
tion of elastomeric materials. 


SUMMARY 


A detailed study has been made of the indentation and puncture properties 
of a number of rubber vulcanizates by a puncture method. It is shown that 
the characteristic relation between the force and depth of penetration, i.e., the 
two regions of linearity observed in a former study on a log-log plot, can be 
represented by two equations. The first region, in which the indenter pene- 
trates into the rubber to a depth approximately equal to twice its diameter, can 
be generally described by Timoshenko’s classical relation, 


F, = 2.67 Erd 
In the second region, an empirically derived equation 


Fy, = 1.34 
holds. 
For a given rubber compound, Young’s modulus calculated from the second 


equation is in satisfactory agreement with the modulus obtained from the first. 

The puncture strength and the puncture depth are both shown to be de- 
pendent upon the compounding variations and they provide useful information 
about the vulcanizates such as stiffness and cure. Valuable information 
relating to rubber abrasion and road wear may also result from studies of these 
two puncture properties. 
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MOLECULAR ORDERING IN POLYMERS 
PRECIPITATED FROM SOLUTION * 


L. A. Igontn, A. V. Ermouina, Yu. V. OvcHINNIKOV 
AND V. A. KARGIN 


Screntiric Researcu Institute or Priastics, Moscow, USSR 


Special attention has recently been paid to questions of the molecular 
ordering of polymers in the condensed state. The degree of molecular ordering 
determines many physicochemical and mechanical properties of polymers and 
is therefore practically a very important characteristic of polymeric materials. 
On the basis of a series of researches it was concluded that the idea regarding 
amorphous polymers as systems constructed from chains randomly entangled 
with each other does not correspond to the real model of the structure of 
polymers. The molecular ordering of polymers is determined not only by the 
chemical structure and the flexibility of the polymer chains but also by the 
conditions of preparation of the polymer and may arise even in the amorphous 
state'. An hypothesis has been put forth concerning the bundle structure of 
polymers, according to which the long molecules of an amorphous polymer 
may either be collected into bundles in the form of unfolded chains or be turned 
aside into separate globules. The existence of molecular bundles consisting 
of unfolded chains arranged in parallel for amorphous polymers was confirmed 
in one research”. In another* it was shown by the electron-microscopic method 
that in the case of certain amorphous polymers one observes an ordered arrange- 
ment of the molecular chains leading to the formation of rectilinear parcels. 
At the expense of regular turnings these parcels may form limited geometrically 
regular structures. Furthermore, a high degree of ordering of amorphous 
polymers, close to the order of the crystalline state, was detected in the electron- 
ographic (electron diffraction) investigation of several polymers‘. 

In the present research we have studied the change of the molecular ordering 
of polyvinyl chloride, polymethylmethacrylate, and a copolymer of methyl 
acrylate with methacrylic acid in the process of the heat treatment of samples 
of these polymers precipitated from solution. We investigated the hehavior of 
polymers in the pressing of samples from reprecipitated and heat-treated 
material, and also the change of the character of the electronograms (electron 
diffraction patterns) in the heat treatment of thin films of polyviny! chloride 
and polymethylmethacrylate obtained from solutions. For this purpose we 
used technical polyvinyl chloride of type PF-4 obtained by the suspension 
method. The molecular weight of the polymer, determined according to the 
value of the viscosity characteristic in cyclohexanone, was 65,000. 

The samples of polymethylmethacrylate were prepared from shavings of a 
block polymer, which was ground in a mortar and then screened. The fraction 
that passed through screen 0.25 was taken for the experiment. The samples of 
the copolymer of methyl methacrylate (85%) with methacrylic acid (15% 
were prepared from the block copolymer analogously to the polymethyl- 


* Translated from Vysokomol Soedineniya 1, No. 9, 1327-1332 (1959). 
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methacrylate. The samples of the polymers were dried to constant weight in 
vacuum at 40° and kept in a desiccator over CaCle. 

The reprecipitation of the polymers was carried out as follows: a 1% solution 
of polyvinyl chloride in freshly rectified cyclohexanone was precipitated with 
distilled methanol at 5°. The precipitated polymer, after repeated careful 
washing with methanol, was dried at 40° in vacuum to constant weight. The 
molecular weight of the reprecipitated polymer did not differ from the molecular 
weight of the original sample. The polymethylmethacrylate was precipitated 
from a 1% solution in distilled acetone with the aid of a water-methanol mixture 
(25% water, 75% methanol) at a temperature of 5°. The precipitated polymer, 
after repeated washing, was dried at 40° in vacuum to constant weight. The 
copolymer of methyl methacrylate and methacrylic acid was precipitated with 
water from a 1% solution in glacial acetic acid. After careful washing the co- 
polymer too was dried in vacuum at 40° to constant weight. All of the re- 
precipitated polymers, after being dried to constant weight, were then kept 
under vacuum at 40° for a month. 


ig P, kg/cm*® 


100 140 
TEMR °C. 


Fic. 1.—Fields of formation of transparent samples in the compression of polyvinyl chloride: /, initial 
pelymer 2, reprecipitated; 3, reprecipitated and annealed; 4, reprecipitated and annealed a second time. 
.:lg Pin kg/cm*. Abs.: Temperature, ° C. 


For the compression of the pulverulent materials we used a cylindrical mold 
that could be heated. The samples were prepared in the form of tablets 6 mm 
in diameter and 2-3 mm thick, while the temperature and pressure of the 
compression were varied within a wide range. The fluctuations of the tem- 
perature of the mold did not exceed +0.5°. The pressing was done on the 
Schopper universal testing machine. The following conditions of pressing the 
samples were adopted: a weighed portion of the polymer was placed in the cold 
mold between two punches (dies) and a certain pressure was given to the 
upper die. The mold was then quickly heated to the given temperature and 
kept at that temperature 15 minutes. The mold was then cooled to room 
temperature, the pressure was relieved, and the sample was extracted from the 
mold. Furthermore, the transparency of the sample for visible light was 
estimated visually. 

In Figure 1 are shown the pressure-temperature curves for the original un- 
reprecipitated polyvinyl chloride (curve 1) and for the reprecipitated polymer 
(eurve 2). Curve 1 has two branches limiting the field of temperatures and 
pressures at which one obtains transparent samples: above and below this field 
one obtains only opaque ones. Thus for each given temperature of compression 
there are two pressure limits inside which transparent samples can be obtained. 
The existence of the upper branch® was explained by the fact that at sufficiently 
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high pressures one detects effects of lowering of the mobility of the molecular 
chain of the polymer. This leads to lowering of the capacity of the grains of 
material for cohesion (self-adhesion). Thus one can assume that the character 
of the upper branch is connected in a certain manner with the highly elastic 
properties of the polymer and reflects its structural characteristics. We were 
convinced that the change of the highly elastic properties of the polymer by 
way of plastification, copolymerization, or suturing (joining together) leads to 
a characteristic change in the position of the upper branch. 

Curve 2 of Figure 1, taken for the reprecipitated polymer differs essentially 
from curve 1. The field confining the conditions for obtaining transparent 
samples is shifted considerably farther to the left with respect to temperature; 
the upper branch is situated higher. At the same time it was impossible to take 
the upper branch completely because of the limited power of the testing 
machine. 

Thus we may conclude that the structure of polyvinyl chloride precipitated 
from solution differs from the structure of the original polymer. 


€ ,% 


40 80 120 
TIME -MIN. 


Fic. 2.—Kinetics of the Ji f les of polyvinyl chloride: 1, original; 
2, reprecipitated polymer. Ord.: «in %. Abs.: A in min. 


Curve 3 of Figure 1 was taken for the reprecipitated polymer which had 
been annealed 4 hours in the pulverulent state at a temperature at 110°. Thus 
the reprecipitated polymer annealed at a temperature above T, gives a tem- 
perature-pressure curve confining the field of preparation of transparent samples 
close to the curve of the original polymer. If the reprecipitated and annealed 
polymer is now reprecipitated again, as described above, one again obtains for 
it curve 2. Curve 4 was taken for the polymer that had been reprecipitated 
and annealed again. We repeated the cycle of reprecipitation and annealing 
for one and the same sample of the polymer five times, and in doing so always 
observed the reversibility of the effects of reprecipitation and annealing. 

Figure 2 shows the kinetics of the annealing of samples pressed from the 
original (curve 1) and reprecipitated (curve 2) polyvinyl chloride. The 
samples were compressed at a temperature of 130° and pressure of 250 kg/cm? 
and were subjected to the pressure for 15 minutes. They were annealed in a 
thermostat of dynamometric weights at a temperature of 100°. The deforma- 
tion of the samples that developed during an interval of 10 seconds under the 
action of a constantly acting load of 1.48 kg/cm? was determined periodically. 

Even though the annealing of the reprecipitated polymer must take place 
partially even during the compression of the samples, one observes in the 
additional annealing a marked hardening of the reprecipitated polymer. 

In Figure 3a are shown the temperature-pressure curves characterizing the 
field of preparation of transparent samples for polymethylmethacrylate; and in 
Figure 36 for the copolymer of methyl methacrylate and methacrylic acid. As 
also in the case of polyvinyl! chloride, one observes for these polymers a marked 
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but less sharply expressed difference in the properties of the initial and re- 
precipitated polymers. 

It may be assumed that the initial polymers and those precipitated from 
solutions differ in their degree of ordering. Those precipitated from solution 
retain to a known extent their little-ordered state characteristic for solutions 
of polymers; in the annealing of them there occurs an ordering in the arrange- 
ment of the molecular chains by which the chains of the polymer form more 
perfect bundles. This process is accompanied by a change in the properties 
of the polymer, which is usually determined as an increase of the rigidity of the 
chains. At the same time, as we saw above, one observes a lowering of the 
highly elastic properties of the polymers, which is expressed in a lowered 
capacity for cohesion and increase of the modulus of elasticity. 

It was interesting to trace the change of molecular ordering in the films 
prepared from the solutions of the polymers, in the process of their annealing, 
by the electronographic (electron diffraction) method, which is successfully 
being used now for similar purposes. In the present research such an in- 
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Via. 3.—Fields of formation of transparent samples in the compression: a. of polymethyl methacrylate ; 
b. of the copolymer of methyl methacrylate with methacrylic acid. /, initial; 2, reprecipitated copolymer. 
Ord.: lg P in kg/em*. Abs.: Temperature in ° C. 


vestigation was conducted for polyvinyl chloride and polymethylmethacrylate. 
We evaluate the degree of molecular ordering of these polymers according 
to the curve of relative intensities calculated from the electronograms and 
normalized with respect to the atomic factor. 

The work was carried out on the electronograph of EG construction of the 
Institute of Crystallography, Academy of Sciences, USSR, with an accelerating 
voltage of 60 kv. The samples were prepared in the form of thin films by 
application of several drops of a solution of the polymer in a suitable solvent 
(1% solutions) on the surface of distilled water and by subsequent catching of 
them on brass screens. For polyvinyl chloride the solvent was cyclohexanone; 
for polymethylmethacrylate, acetone served as solvent. After drying, the 
samples of polymers to be studied were subjected for 2-8 hours to heat treat- 
ment in vacuum. The samples of polyvinyl chloride were heated to 100°, those 
of polymethylmethacrylate to 140°. Furthermore, some samples of both 
polymers were heated in dibutyl phthalate vapor at 50°. 

The resulting electronograms of both polymers each contain three diffuse 
rings, the intensity of which is uniformly distributed on the circumference, with 
identity periods for polyvinyl chloride: d,; = 5.3 A, dz = 3.6 A, d; = 2.2 A, for 
polymethylmethacrylate: d; = 6.6 A, dz = 2.9 A, d; = 2.1 A. 

Heating of the polyviny! chloride samples for 2-6 hours at a temperature of 
100° did not lead to any visible change of the diffraction picture. An 8-hour 
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heating under the same conditions causes the appearance of an additional 
reflection corresponding to a period of identity of 5.05 A. The same effect in 
the variation of the dispersion picture of polyvinyl chloride is observed after 
only 2 hours of heating in dibutyl phthalate vapor at 50°. 

No marked change is observed in the diffraction picture of polymethyl- 
methacrylate after the heat treatment. 

For a more accurate estimation of the change of molecular ordering of the 
polymers after heat treatment we calculated the curves of dependence of the 
relative intensities on the angles of dispersion. We judged concerning the 
degree of molecular ordering according to the heights of the main maximum on 
the intensity curve lying in the field of the intermolecular distances (5-6 A). 
The intensity curves were calculated from the electronograms obtained with 
multiple exposures. The working up of the experimental data was carried out 
on the basis of application of the law of blackening to the photographing of 


0.1 0.15 .2 .25.3 0.3 0.5 0.7 
(sin)u/ (sin) v/d 


(a) (b) 


Fic. 4.—Curves of intensities as a function of the angles of dispersion: a. for polyvinyl chloride: /, ori- 
ak pele: 2, 3, 4, polymers annealed at 100° 2 hours for 2, 4 hours for 3, 6 hours for 4; 5, polymer 
annealed for 2 hours at 50° in dibutyl phthalate vapor; b. for polymethylmethacrylate: /, initial polymer; 
2, annealed 8 hours at 140°. The values of the relative intensities corresponding to a. five and 6. three 
units are shown with dotted lines. 


the electron beams on photographic plates. For the calculations we con- 
structed blackening curves, from which the mean relative intensities were 
calculated®. For comparison of the curves with each other they were normal- 
ized with respect to the atomic factor’, which was calculated for one molecular 
grouping being repeated in the chain of the polymer. 

In Figure 4a are shown the intensity curves for samples of polyvinyl 
chloride obtained from solution and subjected to heat treatment at 100° for 
various lengths of time. The intensity curves of polyvinyl chloride contain 
three maxima, the first of which, lying in the field 5.3 A, ordinarily belongs to 
the intermolecular distance. In the heating of this polymer, as one sees from 
the intensity curves, there occurs a gradual ordering in the arrangement of the 
chain molecules, which is accompanied by an increase of intensity of the main 
maximum. With longer heating* or in dibutyl phthalate vapor one observes 
the appearance of a new reflection situated at a distance of 5.05 A. 

In Figure 4b are shown the intensity curves for polymethylmethacrylate 
obtained from solution and heated 8 hours at 140°. Comparison of these 
curves shows that the heating in this case also causes the formation of a more 
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ordered arrangement of the molecules, but to a lesser extent than in the case 
of polyvinyl! chloride. 


CONCLUSIONS 


1. The variation of the ordering in polyvinyl chloride and polymethyl- 
methacrylate precipitated from solutions in the process of heat treatment was 
studied. 

2. The intensity curves calculated from the electronographic (electron 
diffraction) data show that the heat treatment leads to the formation of a more 
ordered arrangement of the chain molecules of these amorphous polymers. 

3. The variation of the degree of ordering in these polymers in the heat- 
treatment process causes a change of the mechanical properties of the polymers 
and of their capacity for reprocessing. 

4. From the data obtained we may conclude that the form of the polymer 
molecules and their mutual arrangement in the solution differ from those in 
the condensed state. 
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STRUCTURE OF FILLED NBR VULCANI- 
ZATES BY THE STRETCHING METHOD 
(MULLINS EFFECT) * 


V. A. Suvetrsov, A. 8. Novikov anp A. P. PIsaRENKO 


Tue Russer Researcn Institute, Moscow, U.S.S.R. 


In work by Mullins! and Patrikeev?:* the influence has been demonstrated 
of previous stretching upon the stress-strain curve of filled vuleanizates. Un- 
filled rubbers alter their properties insignificantly on stretching. Filled 
vuleanizates are subject to marked softening during stretching. 

This phenomenon has been studied from a qualitative aspect by Blanchard 
and Parkinson‘: ** 7, They started out from the existing equations of Guth, 
James, Wall, and Flory: 


1 
r= a( -5) (1) 
= (1-2) (I) 
a 


where F is the force per unit area of original cross-section, a the extension ratio, 
and G and E constants characterizing the degree of crosslinking of the polymer. 

Both equations are valid for non-reinforced rubbers in the range of low and 
medium extensions. 

Since reinforced rubber behaves after heavy previous stretching similarly 
to a non-reinforced rubber at low elongations, Blanchard and Parkinson made 
use of the above equations to describe the properties of reinforced rubbers. 
(In the present paper we used the equation of Blanchard and Parkinson derived 
by them on the basis of the James-Guth equation.) 

They introduced a new term into the equation—the function F(a) 


F(a) = exp [p(a — 1) + — 1)*] (IIT) 


and the equation of Bartenev 


where p is a constant, equal to 0.31 when we are using Equation I, and yu a 
coefficient characterizing the deviation in the properties of filled rubbers on 
stretching in comparison with unfilled. 

After conversion the semi-empirical equation of Blanchard and Parkinson 
has the following form 


In F — f(a) = InG + u(a — 1) (IV) 
where 


fla) = 0.31(@ — 1) + 1n 1.62 (1 


* Translated by R. J. Moseley from Vysok ineniya 2, 1608-1612 (1960). 
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Thus, if the rubber under investigation is satisfactorily described by the 
given equation, then on plotting the graph (on the X axis we plot (a — 1)‘ and 
the Y axis In F — f(a)) we get a straight line cutting off on the axis of the 
ordinates a section equal tolnG. The tangent of the angle of slope of the line 
characterizes the value 

What is the physical meaning of the coefficients G and uw? G is a value 
proportional to the number of all the linkages existing in the vulcanizate, 
including also the sulfur linkages formed in the process of vulcanization; u 
characterizes the degree of interaction of the rubber with the filler. 

For unfilled vulcanizates » is equal to 0. For unfilled vulcanizates with 
vulcanization accelerators u has a low value. 

The equation given above makes it possible to calculate the force on a 
transverse linkage. 


aS 


(VI) 


where a is the extension ratio, S the stress on the original cross-section, and G 
the coefficient from equation (IV). 

It was indicated above that the modulus G is a parameter proportional to the 
total number of linkages in the vulcanizate. This may be analyzed into two 
components: G*, proportional to the number of strong (primary) linkages, 
which are not destroyed at high stresses; Gr F(x) is a parameter which is a 
function of the previous stressing and characterizing the presence of weak 
(secondary) linkages, which are destroyed at comparatively low stresses. 

Thus the equation 


G = G* + Gr: F(z) (VII) 


serves as a law of the softening of rubbers with active fillers. 

In this equation there is introduced the function F(z), which characterizes 
the number of remaining undestroyed secondary linkages after the application 
of the stress. 

The expression for F(x) has the following form 


F(z) = f dz (VIII) 


where & is a constant parameter; F(z) alters in the range from 0 to 1. 
With low previous stresses F(x) — 1, with large previous stresses F(x) — 0. 
When F(z) = 1, i.e., when no stress is applied to the specimen, the softening 
formula assumes the form 


G = G*+Gr (IX) 


When F(z) = 0, i.e. with very large previous stresses, the second term in the 
equation is transformed into zero, and we have 


G = G (X) 


i.e. all the secondary linkages are destroyed. 

In constructing the graph we plot on the X axis F(z), and on the Y axis G; 
equation (VII) gives a straight line, cutting off on the Y axis a section equal to 
G*, while the tangent of the angle of slope gives Gr. 
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Blanchard and Parkinson introduced a semi-empirical equation for natural 
rubber and the fillers channel gas black and HAF furnace black. 

Furthermore they extended their investigations to butadiene-styrene 
rubber, using various fillers, including mineral fillers such as calcium silicate 
and magnesium carbonate. 


A 


60 24 32 


Fic. 1.—Application of the equation In F — f(a) = In G + ula — 1)‘ for a vulcanizate based on SKN- 
26 containing 28 parts by volume of channel gas black (a) and the same amount of aluminum hydroxide 
(b) (S = previous stretching). a: 1—S = 40 kg/sq em; G = 8.13; u = 2.86-10°?; 2—S = 50 kg/sq cm; 
G = 7.5; » = 1.8-10°?; 3—S = 80 kg/sq em; G = 6.1; 4 = 89-10%. 1—S = 30 kg/sq cm; G = 8.0; 
w = 55-107; 2—S = 40 kg/sq cm; G = 6.37; = 13-107. 


Our tests on vulcanized rubbers based on SKN-26 with channel gas black, 
calcium silicate and aluminum hydroxide showed, as may be seen from Figure 
1, a and b, that the equation given is applicable for the description of the prop- 
erties of these systems. 

For the tests we employed ring-shaped specimens which were subjected to 
stretching on a tensile tester with automatic recording of the load elongation 
curves; the rate of stretching was in all cases 200 mm/min, the tests were 


carried out at +20° C employing previous stresses of from 30 to 120 kg/sq em. 


TABLE | 
ALTERATION IN THE G MopuLus ON INCREASING THE PREVIOUS STRESS 
Stock composition in parts by volume ‘ 
Value of Gforagiven Natural rubber SKN-26 +28 SKN-26 +17 SKN-26 +28 SKN-26 + 17° 
previous stress, +28o0fchannel of channel of channel of aluminum of aluminum 
kg/sq cm gas black gas black gas black hydroxide hydroxide 
Before application 


Linkages remaining 
after maximum 
previous stress, % 67.4 : i 24.5 24.4 


For each previous stress we took two specimens. The specimen was stretched 
four times at each previous stressing and was kept under the load for 30 sec. 
The data in Table 1 show that for natural rubber with channel black we 
observe an insignificant reduction in the modulus on increasing the previous 
stress. Thus with a previous stress of 120 kg/sq cm there remain in the 
vulcanizate after the fourth stretching 67.4% of the linkages as compared with 
the original amount. For SKN-26 with channel black with the same dosage 
the reduction in the modulus is more noticeable. After a stress of 120 kg/sq em 
only 47% of the linkages remain. And finally, for SKN-26 with aluminum 


hy 
2 B 
x 
25 
x 2 
20 
of stress 9.2 8.8 6.3 8.6 6.0 ‘a 
G 30 9.1 8.5 6.0 8.0 5.5 =" 
G 80 7.5 6.1 4.5 4.9 3.0 ay. 
G 100 7.0 5.5 3.7 3.8 1.45 ae 
G 120 6.2 4.15 2.85 2.1 “= ees 


962 RUBBER CHEMISTRY AND TECHNOLOGY 


hydroxide again 28 parts by volume, we get the greatest reduction in the 
modulus. After previous stressing, 120 kg/sq cm, there remain only 24.5% 
of the linkages in the specimen. And for a vulcanizate containing 17 parts 
by volume of aluminum hydroxide, even at a previous stressing of 100 kg/sq cm 
only 24.4% linkages are left, while employing previous stressing of 120 kg/sq em 
leads to a destruction of the specimen. 


400 


Fic. 2.—Dependence of modulus (G) upon stress concentration on a linkage (zx). 1—Vulcanizate of 
natural rubber with 28 parts by volume of channel black; 2—Vulcanizate of SKN-26 with 23 parts by 
volume of channel black; 3—Vulcanizate of SKN-26 with 28 parts by volume of aluminum hydroxide. 


In Figure 2 we show the relationship between the modulus and stress 
concentration upon a linkage for three vulcanizates based on natural rubber and 
SKN-26 with gas channel black and aluminum hydroxide. An analysis of this 
data shows that with low previous stressing a large number of weak linkages 
are destroyed, with a low expenditure of energy of rupture: as the previous 
stressing is increased more and more strong linkages begin to break, and the 


TABLE 2 
VALUE OF THE COMPONENTS OF THE MopuLus G* aNnp Gr 
For Various RUBBERS 
Composition of the stocks parts by volume G 


Natural rubber + 28 channel gas black 9. 
SKN-26 + 28 channel gas black 8. 
SKN-26 + 17 channel gas black 6. 
8. 
6. 


SKN-26 + 28 aluminum hydroxide 
SKN-26 + 17 aluminum hydroxide 


amount of energy expended increases sharply. After large previous stressing G 
decreases noticeably, but in every case the value is higher than for unfilled 
rubbers. Thus, G for SKN-26 without filler is 1.39. 

In Table 2 we present the values of the components of the modulus G* and 
Gr, characterizing the presence of primary and secondary linkages in the 
vulcanizates. These values are calculated on the basis of application of 
Equation (VII). 

From Table 2 we see that with vulcanizates of natural rubber with channel 
black we have the highest values for G*, i.e. here there are more primary link- 


G 
| 9 
| 
7 
6 
| 4 
3 lies 
3 
20-300 600 x 
3 2.7 
6 32 
0:9 


STRUCTURE FILLED NBR 963 


ages. For vulcanizates based on SKN-26 with channel black, and particularly 
with aluminum hydroxide, the value of G* decreases, but the value of the 
modulus Gr increases, which is evidence of the presence of a large amount of 
secondary linkages, and, consequently, the structure of the vulcanizate is 
different. 


CONCLUSIONS 


1. It is possible to use the equation of Blanchard for butadiene-nitrile 
rubbers with channel black and aluminum hydroxide. 

2. It is shown that vulcanizates of butadiene-nitrile rubbers with aluminum 
hydroxide are subjected to more marked softening on stretching in comparison 
with vuleanizates containing channel black. 

3. Ideas are put forward relating to the ratio of primary and secondary 
linkages in vulcanizates on the basis of SKN-26 with channel gas black and 
aluminum hydroxide. 


REFERENCES 


Mullins, L, Rubber Research 16, No. 12, 275 (1947). 

Patrikeev, O° A., Doklady Akad. Nauk SSSR, 120, No. 3, 562 (1958). 

G. A., Zhur. Fiz. Khimit 33, No. 9, 2081 (1959). 

ae F: and Parkinson, D., Ind. Eng. Chem, 44, No. 4, 799 (1952). 
A. F., J. Polym. Sci. 14, 355 (1954). 

i, A. F., Gummi u. Asbest. No. 7, 548 (1954). 

A. F.. Trans. Inst. Rubber Ind. 32, No. 4, 124 (1956). 


1 
4 
en 
7 


SWELLING EFFECT OF LIQUIDS ON NBR 
(NITRILE RUBBER) * 


Puitie H. STaRMER AND Cari H. Lurrer 


DeveLopmMenT Center, B. F. Gooprich Cuemicat Company, Avon Lake, 


INTRODUCTION AND REVIEW OF PREVIOUS WORK 


While many papers have been published on the behavior of acrylonitrile 
rubbers in various liquids and the general principles which concern the swelling 
are well understood, no previous work appears to have been undertaken to 
obtain an equation relating the volume change with the nitrile content of the 
rubber. Since such an expression would facilitate the process of predicting the 
best rubber for a particular application, the effect of various liquids on a series 
of butadiene-acrylonitrile copolymers was studied with this objective in view. 

Many attempts have been made to investigate the different factors which 
contribute to the swelling of a rubber vulcanizate. Relating the volume 
change with the level of loading of the compounding ingredients has been 
reasonably successful. Here Catton and Fraser* have shown that the volume 
change is directly proportional to the percentage, by volume, of the polymer 
in the compound. Howlett® subsequently made a modification to include a 
factor to cover the extraction of a plasticizer. 

Studies to relate the swelling of a particular compound in various liquids 
with a property of these liquids have, in general, followed two avenues of attack. 
The fundamental approach has given rise to the concept of the cohesive energy 
density’ and solubility parameter? *. While this has proved extremely useful 
in obtaining qualitative information, it suffers from the disadvantages that 
there is no simple method for determining the solubility parameter of polymers 
and published values? tend to vary over a wide range. On the other hand, 
a practical approach involving the use of either the aniline point’ or the mixed 
aniline point” has offered a method which, besides having a parameter which 
is relatively easy to determine, gives a definite indication of the actual volume 
increase to be expected. However, this method appears limited to a particular 
class of liquids and does not, at present, have any relation with fundamental 
ideas. 

It will be observed that the above methods have one thing in common, 
namely, that the behavior of a particular rubber is related to a certain parameter 
of the various liquids. An alternative route was taken by Saloman™ who 
plotted the swelling obtained with a given liquid against the nitrile content for 
a series of butadiene-acrylonitrile copolymers. It was found that a smooth 
curve could be drawn through all the points for a given liquid and from this 
curve useful information could be obtained. Similar work has recently been 
reported by Fleming, who investigated the swelling of different copolymers, 
as well as blends of copolymers, in oils and fuels. 


* Presented before the Division of Rubber Chemistry, ACS, April 20, 1961, Louisville, Kentucky. 
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EXPERIMENTAL 


Butadiene-acrylonitrile copolymers covering the range 0 to 50% of acryloni- 
trile units were compounded in the formulation: 


Polymer 100 
Zinc oxide 5 
Stearic acid 1 
FEF Black 40 
Tetramethylthiuram disulfide 3.5 


Tensile sheets 6 inch X 6 inch X 0.075 inch were press cured for 30 minutes 
at 310° F and immersion tests undertaken according to ASTM D 471 for 70 
hours at 74° F using 1 inch X 2 inch X 0.075 inch testpieces. The data used 
in Figures 6, 7 and 8 for various liquids were obtained from published tables"®. 


RESULTS AND DISCUSSION 


General equation for the swelling curves.—In Figures 1, 2 and 3 the volume 
change is plotted against the acrylonitrile content (actually the acrylonitrile 
unit constant is plotted in the figures in this paper) and it will be seen that the 
curves for the different liquids are similar to those obtained by Saloman”™. 
Thus an attempt was made to find an equation for these curves. It was 
found, after a certain amount of trial and error, that the Gaussian type of 
curve shown in Figure 4 gave a good fit for the points for each liquid when 
suitable values for the constants a, 8 and y were inserted in the equation. 
These values for a number of solvents are shown in Table 1. 

The fact that such curves can be described by a general equation is con- 
sidered to be a useful advance. However, at this stage it is necessary to carry 
out swelling tests to determine the value of the constants for a particular liquid. 


SWELLING OF BUTADIENE- ACRYLONITRILE COPOLYMERS 
IN BLENDS OF ISOOCTANE AND TOLUENE 


PERCENTAGE BY VOLUME 
al TOWENE 
4 100 ° 
sO 50 
30 
a ° 


VOLUME CHANGE (%) AFTER 7O NOURS /MMERSION AT 74°F 


ACRYLONITRILE CONTENT (%/ 
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SWELLING OF BUTADIENE- ACRYLONITRILE COPOLYMERS 


T 


WOLUME CHANGE (%) AFTER IMMERSION FOR TONOURS AT 


ACRYLONITRILE CONTENT (%/ 


It would be extremely helpful if these constants could be obtained from existing 
physical data, particularly in cases where the liquid is highly flammable, 
explosive, toxic or just malodorous. Therefore, an attempt was made to 
relate these constants with various properties of fhe liquids. 

The constants a, 8 and y.—For a given liquid, the acrylonitrile unit content 
of the rubber which has a maximum swelling in that liquid is designated by the 
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VOLUME CHANGE (%) AFTER IMMERSION FOR 70 HOURS AT 7'F 


ACRYLONITRILE CONTENT (%) 
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GENERAL EQUATION OF SWELLING CURVES 


INDICATES HEIGHT 
OF ASYMPTOTE 


———> V=— VOLUME CHANGE (%) 


A= ACRYLONITRILE CONTENT 


constant a. A comparison was first made with the solubility parameter as 
shown as Figure 5. No definite correlation is evident using the solubility 
parameter either by itself or in conjunction with the degree of hydrogen bonding 


in the manner proposed by Burrell’. A search was made, therefore, to find 
other properties of the liquids to which a might be related. 

Since Ostwald" had used the expression u?/e (where x = dipole moment and 
¢ = dielectric constant) as a measure of the solvent power, this was tried but 
it did not offer any promise. However, it was noticed that there seemed to be 
some relationship between a and the dielectric constant as shown in Figure 6. 
This would perhaps be expected since, as stated by Clark®, ‘The dielectric 
constant reflects the molecular configuration and the degree of molecular 


TABLE 1 
VALUE oF CoNsTANTS FoR Various Liquips 

Liquid 
n-Heptane 
2,2,4-Trimethylpentane 
Cyclohexane 
Carbon tetrachloride 
Fuel B 
Fuel C 
Toluene 
Benzene 
Amy] alcohol 
Butyl acetate 
Butyl acetate 
Chloroform 
Methy] isobutyl ketone 
Ethylene dichloride 
Methyl ethyl ketone 
Acetone 
N,N-Dimethy]l formamide 
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[FIGS ] ACRYLOWITRILE CONTENT AT MAXIMUM SWELLING? SOLUBILITY PARAMETER 
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polarity. It is therefore, affected by both the position of a substituent in the 
parent molecule and the electrical nature of the substituent introduced”’. 

An attempt was made to obtain a better relationship by using a function 
of the dielectric constant and the dipole moment as shown in Figure 7. While 
this gives a slight improvement for values of a greater than 15, it is not as good 
at lower values of a. This is probably due to the fact that while saturated 
hydrocarbons of three or more carbon atoms from an experimental point of 
view have a zero dipole moment, theoretically they could have small dipole 
moments'. While most of the liquids follow a general trend in Figures 6 and 7, 
amyl alcohol does not. The reason for this is not known. 


ACRYLONITRILE CONTENT AT MAXIMUM SWELLING AND 
[F167] FUNCTION OF DIELECTRIC CONSTANT AND DIPOLE MOMENT 


ACRYLONITRILE COMTENT AT MAX/MUM SWELLING 


The value of the maximum volume change is controlled by the two constants 
Bandy. In Figure 88 is plotted against the molar volume. While there is no 
simple relationship between the two, it would appear that the value of 8 tends 
to increase as the molar volume decreases. While the curves for some liquids, 
such as cyclohexane and ethyl acetate, could be described by two constants 
a and 8B, others, such as chloroform and ethylene chloride, required a third 
constant y. This suggested that there were different molecular forces involved 
for the two groups of liquids. 

Molecular forces—According to Staverman™, molecules can be divided 
into four classes. 


OO Nonpolar molecules, e.g., hydrocarbons and carbon tetrachloride 

ON Molecules which have active negative polarity only, e.g., esters, 
ethers, ketones 

PO Molecules which have active positive polarity only, e.g., chloroform 
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PN Polar molecules which have both positive and negative active polarity, 
e.g., alcohols, amides and acids. 


The main forces between molecules" are either (a) London or dispersion 
forces, or (b) Keesom or electrostatic forces. In the case of the London forces, 
the attraction between two unlike molecules is nearly the same as that between 
two like molecules. However, with the Keesom forces there is a marked 
difference. Attraction occurs between two molecules both of the PN group 
and also between one from the ON group and one from the PO group. 


EFFECT OF MOLAR VOLUME OF LIQUID ON VALUE OF MAXIMUM SWELLING 


120} 


20 22 
VALUE OF B 


The curves for the nonpolar liquids n-heptane and cyclohexane are shown 
in Figure 9. While Staverman includes carbon tetrachloride in this group 
the value of y would suggest that it should be in another group. Figure 10 
gives the curves for methyl ethyl ketone and ethyl acetate which are represen- 
tative of the ON group. 

Liquid molecule with active positive polarity only—The curve for chloroform 
is drawn in Figure 11 and this has required a value of y of 152. Extrapolation 
of this curve to 100% acrylonitrile unit content would tend to suggest that 
polyacrylonitrile is swollen by, or is soluble in, chloroform. However, it is 
unaffected by this solvent. Therefore, it is necessary to consider the molecular 
forces involved. A possible explanation is that between 0 and approximately 
70% polymerized acrylonitrile the copolymers behave as ON molecules and 
when immersed in liquid molecules of the PO group the electrostatic forces 
give rise to the value of y. Beyond the 70% acrylonitrile level, the copolymers 
change from the ON group to the PN group. Thus these electrostatic forces 
decrease to zero at 100% acrylonitrile in the manner suggested by the dotted 


180 
e 
@ CH,COOC, Hy 
@ HyCOCH, 
3 
OG 
4 CH, COG. Hs 
5 | 
e 
cH, co 


SWELLING OF NBR 971 


SWELLING OF BUTADIENE-ACRYLONITRILE COPOLY MERS 
IN LIQUIDS HAVING NON-POLAR MOLECULES 


g 


VOLUME CHANGE (%)AFTER 70 HOURS /MMERSION AT 


ACRYLON/TRILE CONTENT (%) 


line on the graph. Since the general type of curve described by a@ and 8 
appears with liquids of OO and ON groups, as well as the PO group, it would 
appear that these constants are related to the dispersion forces. 

Polar molecules—Dimethyl formamide was chosen as a representative of 
this group since it is a solvent for polyacrylonitrile*. However, this would not 
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SWELLING OF BUTADIENE ACRYLONITRILE COPOLYMERS IN A LIQUID 
[rien] WITH MOLECULES HAVING ACTIVE POSITIVE POLARITY ONLY 
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ACRYLONITRILE CONTENT (%) 


be expected from the curve in Figure 12 since if it is extrapolated it reaches 
zero at about 85% acrylonitrile. Therefore, to explain the behavior of this 
solvent it is necessary to use similar arguments to those used above for chloro- 
form. Dimethylformamide being of the PN group would not experience any 
electrostatics forces with copolymers of the ON group so the value of y would 


SWELLING OF BUTADIENE-ACRYLONITRILE COPOLYMERS IN A LIQUID 
HAVING BOTH POSITIVE AND NEGATIVE ACTIVE POLARITY 
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be zero for this range of acrylonitrile. There would, however, be electrostatic 
forces of attraction between this solvent and copolymers of the PN group, 
which would include polyacrylonitrile. Thus dimethylformamide would be a 
solvent for this polymer. 

If the argument proposed here is correct, it would thus appear that while 
in the case of chloroform the dispersion forces and the electrostatic forces are 
acting over the same range of nitrile content, with dimethylformamide they 
act at different levels of nitrile content. It would thus seem that y is not in 
fact a constant, but is a variable which should be related to two constants 
similar toa and 8. This means that the equation relating to volume change 
should be rewritten: 


Vr (1) 


where V = total volume change (%); Vz = volume change (%) due to London 
forces; Vx = volume change (%) due to Keesom forces; and 


2 
V, = antilog | 6, — 


(2) 


and 
Vx = flax, Bx) (3) 


where a, = acrylonitrile content of the rubber which has maximum swelling 
in that liquid and 8, = logarithm of the value of maximum swelling (to 
base 10). 


CONCLUSIONS 


1. For a series of butadiene-acrylonitrile copolymers the swelling by non- 
polar solvents is due to the dispersion forces and the volume change in a given 
liquid can be related to the acrylonitrile unit content by the Gaussian type 
Equation (2). 

2. There is an indication that a, for a given liquid may be related to the 
dielectric constant of that liquid while 8, is dependent to some extent on the 
molar volume of the liquid. 

3. For polar liquids it is necessary to include an extra term to take into 
account the volume change due to the electrostatic forces: 


V=eVit+ Ve 


where V = total volume change (%); Vz = volume change due to the London 
forces; Vx = volume change due to the Keesom forces; Vx = function of 
ax and Br. 


SUMMARY 


Immersion tests in various polar and nonpolar solvents have been under- 
taken with a range of butadiene-acrylonitrile copolymers. For a particular 
liquid, it would appear that the volume change can be related to the acrylonitrile 
content of the rubber by a Gaussian type curve which is described by three 
constantsa,8 andy. The constant a corresponds to the nitrile content of the 
rubber which has maximum swelling in the liquid and would appear to be 
related in some way to the dielectric constant of that liquid. The constants 
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8 and y control the value of maximum swelling. Investigation into the nature 
of the three constants tends to suggest that a and 6 are governed by molecular 
attraction due to the ‘dispersion forces”. On the other hand, y seems to be 
connected with the electrostatic forces of attraction and is probably not a 
constant over the full range of nitrile content, but should be replaced by an 
expression governed by two other constants. Therefore, to describe the 
solvent power of a nonpolar solvent, two parameters are needed while four 
are required for a polar solvent. 


ACKNOWLEDGMENTS 


Thanks are due to the management of B. F. Goodrich Chemical Company 
for permission to publish this paper and to various colleagues for their as- 
sistance. 

REFERENCES 


1 Béttcher, C. J. F., ‘Theory of Electric Polarization’’, Elsevier Publishing Co., New York. 1952. p. 329. 
2 Bristow, G. M. and Watson, W. F., Trans. Faraday Soc. 54, 1731 (1958). 
, H., Official Digest Federation Paint Varnish Production Clubs, 27, 726 (1955). 
N. L. and Fraser, D. F., Ind. Eng. Chem. 31, 956 (1939). 
5 Clark, F. M., “The Enc clopedia of Chemistry”, ed. Clark, G. L. and Hawly, G. G., Reinhold Publishing 
Corporation, New 1957. 
6 Fleming, C. E., Division of Rubber pemietey. 79th Meeting, ACS Louisville, Kentucky, April, 1961. 
7 Gee, G., Trans. Faraday Soc. 38, 418 (1942). 
8 Houtz, R. C., Textile Research J. 20, 786 (1950). 
* Howlett, R. M., Ind. Eng. Chem. 37, 223 (1945). 
1° Meyer, J. ot | Taylor, J., Rubber World 140, 573 (1959 
Ostwald, J. Oil Colour Assoc. 22, 31 
12 Power, P. = and Billmeyer, B. R., Ind. Eng. Chem. 37, 64 (1945). 
Saloman, G., J. Sci. 3, 173 (1948). 
4 Staverman, A. ‘Adhesion and Adhesives’’, Chap. 2, ed. De Bruyne, N. A. -Houwink, R., Elsevier 
Publishing Go. New York. 1951. 


15 Weissberger, A , Proskauer, E. &., Riddick, J. A. and Toops, E. E., ‘‘Technique of Organic Chemistry”’, 
Vol. VII, Organic Solvents. ' Interscience Publishers Inc. be New York. 1955. 


4 
i 


BRANCHING IN BUTADIENE RUBBER * 


I. Ya. Poppusny! aAnp E. G. ERENBURG 


In spite of the considerable interest shown in recent years in the problem 
of developing a quantitative method for determining the degree of branching 
in macromolecules, there is presently only a small amount of research in which 
definite successes have been achieved in this respect'~®. 

Since in most cases the number of branched-chain units which are formed 
during polymerization and which provide a basis for the formation of long 
side branches is very small in comparison with the total number of units, the 
detection of these units by the chemical and spectroscopic methods which are 
widely used for the determination of the content of side groups in chains is 
practically impossible at the present time. 

Moreover, the presence in the macromolecule of only a few long branches 
(one branch per several thousand units) results in an alteration in the con- 
figuration of the chain in solution, and, as Kuhn®, Zimm’, and Tsvetkov® have 
shown, this also results in a noticeable diminution in the dimensions of the 
molecular aggregate. Consequently, almost all the methods used up to this 
time for investigating branching are based on the study of the properties of 
dilute solutions of polymers and the dependence of these polymers on the 
dimensions and hydrodynamic behavior of the dissolved macromolecules. 

A quantitative interpretation of the results is, however, extraordinarily 
complicated in most cases. Besides the theoretical difficulties involved in 
establishing a well-defined dependence of these properties on the dimensions 
of the molecular aggregates in solution, there is also one defect common to all 
the methods employed; namely, the necessity of comparing the results ob- 
tained with the corresponding results for linear polymers of the same chemical 
structure which themselves are far from being always available. 

The most encouraging results have been recently obtained by means of a 
method in which the intrinsic viscosity of the solutions was investigated. This 
method is experimentally the simplest and not only permits a direct association 
to be made between the values thus obtained and the dimensions of the dis- 
solved macromolecules, but also makes it possible, apparently, to obviate the 
necessity for using linear models? This consideration is especially 
important in the study of synthetic rubbers. 


1. THEORY OF THE METHOD 


In accordance with the contemporary theory of the hydrodynamic prop- 
erties of macromolecules®: °, the intrinsic viscosity of a solution of a polymer 
can be expressed by the equation 


, 
(n] =® (1) 


* Translated from Vysokomolekularnye Soedineniya 2, 1625-34 (1960). 
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where M is the molecular weight of the polymer, 7* is the average square of the 

radius of the molecular aggregate, and ®’ is Flory’s universal constant which 

in elementary expressions does not depend upon the structure or molecular 

weight of the polymer, or on the solvent, within a high molecular weight region. 
For linear polymers this equation can be written in the form 


(la) 


a characterizes the change in the linear dimensions of the aggregate as a result 
of volumetric effects (the symbol @ corresponds to the unperturbed dimensions). 
Flory’s theory leads also to the following relationship between the value [»] 
and the thermodynamic characteristics of the polymer-solvent system”: 
6 ) M 
T/ {mJ 

In this equation Cy is a constant for the given polymer-solvent system ; 
it is independent of the molecular weight. y, is the parameter characterizing 
the entropy of the mixture, and @ is the temperature at which the free energy 
of the polymer-solvent mixture is equal to the free energy of the formation of 
an ideal solution. At 7 = @ consequently, the free energy of the reaction of the 
segments of the polymer chain with each other and with the molecules of the 
solvent is zero. Therefore the coefficient a is equal to 1 at T = @. 

By expanding Flory’s theory to the case of branched polymers? and designat- 
ing g as the ratio between the squares of the unperturbed radii of branched 
(77,0) and linear (7o?) macromolecules, we obtain for branched chains 


(n} = KM'a'g! (1b) 


Mi, 


From these equations it is evident that while for linear chains the depend- 
ence [n]!/M* = f(M/[m]) at T = @ (in 6-solvent) is linear and parallel to the 
abscissa, for branched macromolecules this dependence should be a curve with 
a negative slope, since with an irregular distribution of the branch sites g 
decreases as the molecular weight increases. 

Such a curve is an indication of branching in a polymer. However, since 
with M — 0 the number of branch sites in the macromolecule also approaches 
zero, and consequently g— 1, then the limiting value of [m]!/M?! remains 
equal to K! as before. 

Thus, plotting the dependence mentioned above for branched polymers 
makes it possible to determine the value K, and consequently the unperturbed 
dimensions of the corresponding linear chains, and g can be found directly 
from the values for the intrinsic viscosities of solutions of fractions with a known 
molecular weight in an ideal solvent by the equation, 


Co} _ Kt 4 (1 (2) 


Mi 


and 
(2a) 


6 
= Kig + wi (1 


i 
(3) 


= | 
or 
, (Fe 
K=6 
| | 
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The calculation of the number of branching sites in the molecule, or the 
branching density, defined by the ratio of the number of branched units to the 
total number of units in the molecule, can be found by the equations presented 
in References 6, 7 and 8. It should, however, be mentioned that a direct 
transition from Equations (la) and (2) to Equations (1b) and (2a) is not 
completely justified. The value for the intrinsic viscosity is determined 
practically not by the mean square dimensions of the aggregate, but by its 
hydrodynamically effective dimensions, and the relationship between these 
parameters (which determine in particular the value of the coefficient ’) is 
not the same for branched and linear polymers. Ptitsyn'*: “ showed that the 
value of ®’ varies in relation to the deviation of the chain statistics from the 
Gaussian curve; precisely, ®’ decreases in a good solvent with the increase of 
volumetric effects, and increases for branched polymers. 

A precise theoretical account of this effect presents considerable difficulties 
in the case of branched polymers, and until recently only an approximate 
equation, proposed by Stockmayer and Fixman'®, was on hand, which made 
it possible to associate the value g with the ratio of the squares of the hydro- 
dynamic radii g[y], determined from viscosimetric data by Equation 3. 


TABLE 1 
PROPERTIES OF THE PoLyMERS STuDIED 


Temp. 
of poly- Physico-mechanical properties 
meriza- 
tion Re- Re- 
(temp. Temp. Microstructure sidual bound 
Pres- of in r ~" Breaking Ultimate elonga- elas- 
sure, bath), polymer cis-1,4  trans- 1,2 strength, elonga- tion, ticity, 
Specimen atm °C Link 1,4 Link Link kg/cm? tion, % % % 
SKB-0 0.1 0 17 8 29 63 210 600 18 41 
SKB-60 0.1 60 55 6 30 64 68 347 22 26 


This increase in ©’ was observed experimentally for highly branched 
molecules of dextran’ and branched polystyrene’; the results obtained in 
Reference (3) agree well with Stockmayer and Fixman’s equation. 


2. EXPERIMENTAL RESULTS 


Using the method described, a study was made of butadiene rubbers ob- 
tained by polymerization from the gas phase in the presence of potassium at 
0°, 40°, and 60°. Table 1 gives the physico-mechanical properties of the 
polymers studied, as well as their microstructure; a significant change in the 
latter can have an effect on the dimensions of the molecular aggregates in 
solution. 

The investigated polymers were divided into fractions of different molecular 
weight by means of a double fractional precipitation with methanol from dilute 
benzene solutions. During the fractionation, conditions which insured the 
obtaining of homogenous fractions were carefully maintained!’. 

A control determination of the degree of polydispersity of an arbitrarily 
chosen fraction (5th fraction of the sample SKB-0) conducted with the aid of 
an ultracentrifuge, showed that the coefficient of polydispersity characterizing 
the ratio of the half-width of the sedimentation diagram to the molecular 
weight at its maximum was approximately 10% for this fraction. The molecu- 
lar weight of the series of fractions was determined by a visual method. In 
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this case the determination of (#/c)o was conducted by a linear extrapolation 
of the value (w/c)? for an infinite dilution in accordance with the equation 
(w/c) = + 442M.) derived from the contemporary statistical theory 
of dilute solutions of polymers!*. This method of extrapolation corresponds 
more precisely to the true nature of the concentration dependence of osmotic 
pressure in the region of low concentrations than the method employed earlier 
which involved the linear extrapolation of the value r/c — RTd\c?/3M,d? 
(Here d; and d2 are the densities of the solvent and the polymer and M, is the 


TABLE 2 
Mo.LecuLAR WEIGHT AND INTRINSIC ViscosITY OF THE FRACTIONS 
Intrinsic 
Osmotic viscosity Intrinsic 
molecular Molecular in b vi ity 
weight weight in 6-solvent 
775,000 20, 5 1.3 
1,100,000 ) 


toro 

— 


= 

os 

ll 


Sesssss 


Large quantity of gel 


210,000 
182,000 
108,000 
76,000 
31,000 


. 


1 
2 
3 
4 
5 
6 
7 
8 
9 
2 
3 
4 
5 
6 
7 
8 


i The letter a designates the second fractionation. 


molecular weight of the solvent). In this case it was shown that in work with 
very poor solvents the results were in practically complete agreement. For all 
the fractions separated the intrinsic viscosity in benzene was determined at 25° 
and the dependence of [y] on M was plotted for all samples. 

The molecular weights of the remaining fractions were calculated from the 
values for the intrinsic viscosities by the corresponding equations expressing 
the dependence (n) = f(M). 

The results of these measurements are presented in Table 2. In the last 
column are the measurements made of the intrinsic viscosity of the fraction 
in an ideal solvent (7 = 6). 


Samp 
SKB 
SKB-40 
2,600,000 
1,280,000 1,280,000 
543,000 
420,000 420,000 
292,000 
184,000 184,000 
44,000 44,000 
SKB-60 | 
214,000 — 
0.50 
117,000 0.41 
70,000 0.35 
31,000 
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The ideal solvent for the polymers studied was methyl] ethyl ketone at 42°. 
The 6-temperature was determined on the basis of the dependence of the critical 
temperature of the complete mixture of the polymer with the solvent (7) 
on the molecular weight of the polymer” 


(4) 


where b = (V;/0)*/z; (V; is the molecular volume of the solvent, d is the 
specific volume of the polymer). 

From the equation it follows that 6 is the maximum critical temperature of 
the mixture at M— ©. The critical temperature of the mixture is determined 
by the observation of the temperature at which the fractions are precipitated 
from solutions of several concentrations close to the theoretical value of the 
critical concentration. 


x 103 


105 2 | mxio-S 


Fic. 1.—Dependence of the critical temperature of precipitation of fractions in eer 1 ethyl ketone 
on the molecular weight. / and 2—SKB-0 samples (two fractionations) ; 3 B-40 sample. 


Preliminary experiments showed that the presence of moisture in the 
solvent causes an extraordinarily sharp change in the temperature of precipita- 
tion of the polymer. Thus, the presence of 0.02% water in methyl ethyl 
ketone increases the temperature of precipitation of butadiene polymers by 1°. 
Hence, the ape vent was carefully dried by the distillation of an azeotrope (con- 
taining 11% water) on a fractionating column the fractionating capacity of 
which was 40 theoretical plates. The results of the measurements of 7, and 
6 are presented in Figure 1. 


3. DETERMINATION OF THE BRANCHING AND 
DISCUSSION OF RESULTS 


In accordance with the theoretical considerations presented above for the 
determination of the degree of branching of macromolecules on the basis of 
data on the values for the intrinsic viscosity of fractions in an ideal solvent the 
dependence (n)!/M! = (M/[m]) was plotted for the polymers studied. 

The results given in Figure 2 indicate the presence of branching in all the 
specimens studied. Specimens obtained at 0° already display noticeable 
branching. 

It should be mentioned that in the given case due to the curvilinear nature 
of this dependence for all specimens the finding of the maximum value of 
[n]}!/M! involves well-known difficulties. The value K! = 1.57-10-? was 


. 
i 
| 
b ied 
= 
40 
35 
3 
‘ 
30 
2 
: 
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KB-0; 2—SKB-40; SKB- 


taken for all three samples; this value was found by the linear extrapolation 
of the initial portion of the curve for the sample SKB-0. This portion has a 
very slight slope and consequently the error in such an extrapolation is exceed- 
ingly small and has a noticeable effect only on the branching of the very lowest 
molecular weight fractions. This circumstance, that the curves for the two 
other samples do not approach sufficiently close to the indicated limit, is ex- 
plained, in our opinion, by their extremely curvilinear character for highly 
branched polymers (it should be born in mind that the theoretical value of K 
is determined by the dimensions of a linear chain of a corresponding chemical 
structure; the microstructure of the samples studied was the same). 

Table 3 gives the values for g[n] calculated by Equation 3, the values for g 
calculated from them'®, and the corresponding densities of branching, de- 


termined by Stockmayer and Zimm’s equation’. 

In doing the calculations we employed a trifunctional model of branching. 
Such a model is the most reliable considering the known fact that the propensity 
to metallization leading to the given type of branching” increases in the order 
Li < Na < K. 


TABLE 3 
BRANCHING OF THE POLYMERS STUDIED 


Density of 
Number of Molecular ites i branching 
Sample fraction weight g molecule 108 
SKB-O 2a \ 0.822 0.663 0.33 
1 3 0.847 0.700 0.36 
3 0.898 0.783 0.27 
+ 0.924 0.830 0.24 
5 0.937 0.855 0.22 
7 
8 
1 


0.950 0.883 0.21 
0.962 0.907 
a 0.968 0.925 


over 


on 


0.982 0.955 


9 

4 0.472 
5 0.626 
6 0.675 
7 0.733 
8 0.765 
9 
6 
7 
8 


0.848 


0.708 
0.740 
0.778 


980 
‘are, 
5 
0.26 
SKB-40 0.300 2.44 
0.436 2.17 
0.485 2.09 
0.550 2.13 
0.588 2.70 
0.700 5.90 
SKB-60 0.520 4.0 
0.558 1 5.6 
0.605 8 6.7 
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As can be seen from the tables, in the macromolecules of a potassium- 
butadiene rubber specimen synthesized at 0°, one branching entails on the 
average about 4000 monomer units (1/p = 3800) and in macromolecules of 
high-temperature specimens several hundred units. 

The absence of a trimeric structure (gel) in fractions containing n-10 
branching sites per molecule, supports the correctness of our trifunctional 
model. 

It is interesting that the branching of the fractions studied remains ap- 
proximately constant for the fractions of each sample within molecular weights 
of from 90,000 to 1,000,000, showing no tendency to increase for the highest 
molecular weight fractions. Thus, in fractionation by the method of fractional 
precipitation, the fractionation occurs only according to molecular weight even 
in the case of considerable branching. The influence of branching on the 
solubility of polymers in the critical region, and consequently, on the frac- 
tionating process is not manifest in the system studied. To illustrate this 
fact the dependence [»]!/M* = (M/[n]) is plotted in Figure 2 by broken 
curves; this dependence corresponds to values for g which were calculated at 
an assumed limit and value of p equal to the mean value for each curve. 

The above-mentioned considerable increase in the degree of branching of 
potassium-butadiene rubbers which occurs as the temperature of polymerization 
increases shows a marked influence on the physico-mechanical properties of the 
vuleanizates of these rubbers (see Table 1, and Reference (21)). 

A specimen obtained at 0°, in which the basic mass of the polymer contains 
1-2 branching sites per molecule, is characterized by sufficiently high strength 
and elastic indexes. Attention is drawn to the fact that, although the very 
substantial increase in branching observed in the increase of the polymerization 
temperature to 40° (the number of branching sites in the macromolecule in- 
creases to 10-20) leads to a marked impairment in the physico-mechanical 
indexes, the vulcanizates of these rubbers are nevertheless still technically 
suitable. At the same time the further, but comparatively less, increase in 
branching which takes place with a temperature increase to 60° impairs the 
properties of the polymer to such a degree that it becomes completely unsuit- 
able as a rubber for general purposes. This observation is of a more general 
character, and apparently indicates the existence of some region in which the 
physico-mechanical properties of the polymers depend in a comparatively slight 
degree on their degree of branching. 

The results obtained on the effect of the polymerization temperature on the 
branching of the macromolecules of a potassium-butadiene polymer makes it 
possible to evaluate the difference between the activation energies of the 
corresponding reactions of chain growth and branching. 

We used in this case an elementary kinetic analysis of the process of branch 
formation due to metallization which is proposed by Flory® and which leads 
for the general case to the following expression for the density of branching: 


p=-K(1+7 (4) 


where n is the’portion of monomer units entering into the polymer chain, and 
K is a transfer constant. 

In the case of a stationary process (which, as Abkin and Medvedev have 
shown’, takes place during the gas-phase polymerization of butadiene) where 
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Fic. 3.—Dependence of the solubility of butadiene in SKV rubber on temperature. 


the content of the monomer in the polymer ramains constant at all stages of 
polymerization, Equation 4 can be simplified. At nm = constant 


(4a) 


4E/1 1 
pr _ (5) 
Pr, YT, 


where y = n/(1 — n). 

Thus, the change in the degree of branching with the polymerization tem- 
perature, besides the activation energies for the growth and branching reac- 
tions, depends on the value of n(1 — n) which is determined by the solubility 
of the monomer in the polymer. 

In this connection we conducted a special series of experiments to determine 
the solubility of butadiene in SKB rubber under conditions similar to the con- 
ditions obtaining in the synthesis of the studied polymers; i.e., at approximately 
atmospheric pressure and within the temperature interval of 17-50°. 


TABLE 4 
SoLuBILITY OF BuTADIENE IN SKB 


Equilibrium 
Temperature concentration =. 
°C l—n 


17 9.00 2.71-10-* 
49 34.70 2.31-107* 
55 40.70 


The determination of solubility was conducted with the aid of an apparatus 
designed and kindly presented to us by G. F. Lisochkin and F. D. Belostotskii 
(VNIISK). 

As can be seen from Figure 3, at the temperatures and pressure investigated 
there is a sharp dependence of solubility on temperature. 

The equilibrium values for the concentration of butadiene in the investi- 
gated polymer, together with the mean values for the density of branching at 
the corresponding temperatures, are given in Table 4. 

The calculation of the difference between the activation energies, made on 
the basis of these data using Equation 5 on the assumption that the content 
of the monomer in the polymer during polymerization is equal to its equilibrium 
concentration, gives the value AF ~ 5,000 cal/mol. At the same time, if the 
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change in the solubility with temperature is disregarded and instead of Equa- 
tion 5 the following equation is used: 


then on the basis of the data on branching density we obtain the value 
AE = 13,000 cal/mol. 

These values for AF are only approximate, since the assumption of the 
equivalence of the monomer content in the polymer to its equilibrium con- 
centration at a given temperature is only valid when the rate of diffusion of 
the monomer in the polymer is sufficiently high in relation to the rate of 
polymerization. 


Fig. 4.—Dependence of the intrinsic viscosity of potassium-butadiene rubbers on ore weight. 
SKY GO” refer to benzene solutions, the 6 curves to the @-solvent; 1 and 2—SKV-0, 3—SKV-40, 


In the case investigated, in accordance with the work of Abkin and Medve- 
dev mentioned above, this situation does not occur and it is difficult to evaluate 
the error which this approximation introduces into the determination of AF. 
However, a precise determination of this value was not our task in the given 
case. 

It is of importance that the increase in the branching of the macromolecule 
with the increase in temperature during the gas phase polymerization of buta- 
diene is to a considerable extent connected with the decrease in the solubility 
of the monomer in the polymer at high temperatures. Consequently, the 
branching of the macromolecule can be decreased by means of increasing the 
gas pressure in the system, compensating thereby the effect of the decrease in 
the solubility with temperature. 

In conclusion we will mention an interesting conclusion resulting from the 
comparison of the ratios of the intrinsic viscosities for polymers of different 
degrees of branching in benzene and in an ideal solvent (Figure 4). 

As is known’, the effect of increasing the dimensions of the molecular 
aggregates resulting from switching from a poor to a good solvent should be 
greater for denser aggregates of branched molecules. 

An analysis of the data in Figure 4, however, shows that the relationship [] 
for polymers of different degrees of branching in a good solvent such as benzene, 
remains equal to the corresponding ratio in an ideal solvent for all the ranges 
of molecular weight investigated and for all polymers studied. Thus the change 


ig 
0.8 
0.4 
a-3 
-1.6 a-4 
5.0 60 tg M 

er 
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in the hydrodynamically effective dimensions of the macromolecule resulting 
from the switch to a better solvent does not depend upon the degree of branch- 
ing of the polymer. This observation, can apparently be explained by the 
fact that the greater increase in the dimensions of the branched macromolecules 
in a good solvent is approximately compensated for by the difference in the 
change of the relation between the mean square and hydrodynamic dimensions 
for branched and linear polymers resulting from the switch to a good solvent 


lin.” 


This effect has an important methodological significance since it makes 
it possible to determine the true relation of the hydrodynamically effective 
dimensions of macromolecules unperturbed by reaction with the solvent, and 
consequently, in the presence of a linear model, the degree of branching of the 
corresponding polymers, without having to resort to ideal solvents, which in a 
number of cases can prove to be very expedient. 


CONCLUSIONS 


1. By studying the intrinsic viscosities of fractions in an “‘ideal’”’ solvent, 
the degree of branching of potassium-butadiene polymers was determined. 

It was found that a specimen obtained at 0° was already markedly branched ; 
increasing the temperature of polymerization (to 40-60°) led to the synthesis 
of highly-branched polymers, containing one branching site per several hundred 
monomer units. 

2. On the basis of quantitative data on the branching of the polymers 
studied, the difference between the activation energies of the chain growth and 
branching reactions was calculated for the polymerization of butadiene in the 
presence of potassium. 

At the same time it was found that the increase in the degree of branching 
of the macromolecules with the increase in temperature in the gas phase 
polymerization of butadiene was determined not only by the mentioned differ- 
ence in the activation energies, but also to a considerable extent by the tem- 
perature dependence of the solubility of the monomer in the polymer. 

3. It was shown that for the investigated system, fractionation of the 
branched polymers by means of fractional precipitation from dilute solutions 
yields fractions which differ in molecular weight but not in the degree of 
branching. 

4. It is shown that the relation between the intrinsic viscosities of polymers 
of a given molecular weight but of a different degree of branching, remains 
constant in the switch from a good solvent to an ideal solvent. 
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In the production of polymers having a highly regular structure of the 
molecular chains, catalyst complexes of the Ziegler type are currently in wide 
use. The development of mechanisms for the separate steps in the catalytic 
process is of primary significance. This report outlines some results on a 
study of the mechanisms involved in isoprene polymerization with complexes 
formed through the interaction of Al (iso-C4Hg)3; and TiCl4; the data were 
obtained from the sedimentation of the polymers in the ultracentrifuge, in 
combination with data on the kinetics of polymerization. 

We have indicated previously! that in isoprene polymerization using the 
specified catalysts, the growth of the macromolecules proceeds quite rapidly, 
the time interval between the first appearance of active chains and the termina- 
tion of reaction being only a few minutes; subsequently there follows an im- 
mediate stationary condition. However, with use of the ultracentrifuge we 
have obtained molecular weight distributions of polymers which are sub- 
stantially different from the equilibrium distribution expected from present-day 
kinetic theories of polymerization. They were characterized by relatively low 
dispersion and, in the main, strongly distorted by high-molecular bands; in 
most cases, there was practically a complete absence of molecules with a 
molecular weight less than 200-300 thousand. 

Any explanation of the nature of these polymers could be interpreted only 
on the basis of a new hypothesis, since none of the known mechanisms would 
lead to such a narrow molecular-weight distribution in a chain termination 
reaction. It is necessary to postulate a termination mechanism, very re- 
sponsive to molecular weight (linear) of the chains, and subsequently a rupture 
of the chains occurring only within sufficiently well-defined molecular-weight 
limits. Such a mechanism will depend upon the heterogeneity of the polymer- 
ization reaction, so, while the chain is growing, one end is attached to the 
catalytic complex on the catalyst surface. Such an attachment imposes a limit 
upon the possible configurations of the chain because of restriction in space and 
movement of segments. Subsequently, rupture of the macromolecules from 
the catalyst surface is accompanied by an increase in configurational entropy 
equal to the difference between the logarithms of the statistical sums of the 


* Translated by J. R. Robinson from Doklady Akad. Nauk SSSR, 134 (1), 117-120 (1960). 
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free chains in solution and those which are bound to the catalyst surface by 
their ends. 

Assuming a number of possible chain configurations and a quasi-network 
with co-ordination number y for free segments and y/2 for surface-bound seg- 
ments, we have established that the “defect” in configurational entropy (AS) 
increases with the number of kinetic segments Z according to the equation: 


AS = kvZ (1) 


where k is the Boltzmann constant. 

As a basis for discussion, consider at first a model in which the growth of 
polymer chains takes place by heterocyclic catalytic polymerization. In 
accordance with this model, the developing polymeric chains have, at all their 
active ends, alkyl- or halogen alkyl-aluminum. The latter forms, with titan- 
ium halide on the catalyst surface, a catalytic complex through crosslinks (or 
“half bonds’’). These bonds are characterized by energies of 10-15 kcal/mole 
and form, obviously, much less stable links than those of the polymer molecule 
to the surface. Consequently rupture of such molecules from the catalyst 
surface will proceed, in all probability, via these weaker bonds, that is rupture 
will be accompanied by a dissociation of the catalytic complex. This possi- 
bility of complex dissociation was first indicated by Natta? et al. 

Consider separately the reactions of dissociation and re-establishment of the 
catalytic complex. The velocity constant of a chemical reaction (K) is 
defined as: 


K =—e (2) 


where k is the Boltzmann constant, A is Planck’s constant, and Al* is the 
activation energy and AS* is the activation entropy. 

The activated state in this monomolecular dissociation reaction retains the 
structure of the starting complex, that is, the activated macromolecule as in 
the beginning, is bonded to the catalyst surface. Hence, the activation entropy 
in this instance, as in most monomolecular reactions, is low and TAS* < AU*, 
and consequently the velocity constant for the rupture of the polymer chain 
from the surface of the catalyst, K, is of the order of 10? to 10* per second. 
The high value of K, affirms the fact that the growth of polymeric chains must 
be interrupted many times because of the dissociations of the active centers 
at the crosslinks. Throughout this procedure the aluminum remains at the 
chain ends and growth there can be renewed after re-establishment of the 
catalyst-complex. The velocity of the re-establishment reaction, where one 
of the reagents is the polymer molecule, will no longer be determined by the 
activation energy, which is small in this case, but rather by the entropy of 
activation and the value of that depends upon the dimensions of the polymer 
chain. Actually, in this reaction the activated state of all the structures 
differs little from the final state, that is the transition to the activated form is 
tied in with the bonding of the polymer ends to the surface. It follows there- 
fore, from Equation (1) that the configurational entropy of the chains is 
diminished by the amount AS = kVZ. The latter, when Z is a significant 
number, is basically the activation entropy involved in reconstituting the 


catalytic complex. 
From the above it follows that the probability of determining the ratio (X) 


cr 
oe 
here 


988 RUBBER CHEMISTRY AND TECHNOLOGY 


of macromolecules in solution to those attached to the catalytic surface (1 — X) 
may be defined as: 


(3) 


where AU is the energy which is expended in releasing the polymer molecule 
from the catalyst surface. 

Based upon Equations (1) and (3), we have developed an expression for the 
relationship in molecular weight distribution within such a polymer sample: 


AL 
dw rMo 


dM AU, 
2 (1 +e kT = 


where w is the weight factor, r is the number of monomeric members in the 
kinetic segments and Mp is the molecular weight of the monomer. 

This distribution is characterized by curves, of which the coefficient of 
dispersion is defined by the equation: 


6M 3kT 
aU (5) 

Thus the dispersion curves showing molecular weight spread are established 
on the energy of the bonds connecting the polymer molecules with the surface 
of the catalyst. When the magnitude of Al’ ~ 10-15 kcal/mole then the 
coefficient of molecular weight dispersion approximate a value of 0.1, that is, 
it is very low. Consequently the proposal of a mechanism limiting molecular 
weights of chains by polymerizing with a heterogeneous catalyst-complex, 
brings about the possibility of producing polymers having a very narrow 
molecular weight range. We have actually obtained such polymers through 
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Fie. 1.—Molecular weight distribution of polyisoprene. 1—Al (i. ag gy abe’, =1:1. Catalyst 
seasoned for 24 hours; polymerization temperature 0°. 2—Fresh catalyst (iso-C4H»)3:TiCls = 1:1. 
3—Al (iso-CsHo)s:TiCla = 1:1 +0.5 (iso-CaHo)s (with the monomer). 4—Al (iso-CsHo)3:TiCl = 1: 
1 + Al (iso-C4Ho)s. Curves 2-4: temperature of polymerization was 30°. w is the weight factor and S 
the sedimentation constant. 
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/ 
20 40 MuH 
Fic. 2.-—Curves y? kinetics of polymerization of isoprene at 30° C. —Al ry ies TiCk = 1:1. 
2—The same + 0.5 Al (iso-CaH»)s with monomer. 3—Al (iso-CaHy) 3: = 1.5:1. The ordinate is 


conversion and the abscissa time in minutes. 


polymerizing isoprene as a pure monomer at low temperature (0° C) by using 
a catalyst-complex (in ratio 1:1) held over a 24 hour period. In Figure 1 the 
calculated coefficient of dispersion dw/dS, (where S is the sedimentation con- 
stant in octane when the concentration of the polymer is 2 mg/ml) was 0.1, 
while in the actual curve it proves to be ~ 0.15. 

Thus the catalyst-complexes differ not only in stereospecificity but also in 
providing, under defined conditions, the production of polymers with high 
steric homogeneity. The above mechanism appears to be operative, however, 
only in those cases where the growth of the macromolecules is not interrupted. 
One factor which occasions “‘premature” rupture of the molecular chains is the 
presence in the catalyst of free tri-isobutylaluminum’®. We verified this fact 
in special tests in which a previously prepared catalyst-complex (ratio 1:1) 
was introduced into a monomer containing a measured quantity of (iso- 
C4Hy)3 Al. At the beginning of the polymerization, while an excess of the 
(iso-C4Hg)3 Al existed, the polymerization velocity was maintained at about 
normal, (Figure 2) but the molecular weight distribution of the polymer was 
sharply displaced towards the lower region (Figure 1, curves 3 and 4). This 
affirms that the termination mechanism operative in those chains not bonded 
to the organoaluminum becomes one of reaction transfer, that is, proceeds by 
regenerative active centers. Obviously then, if freshly prepared catalyst, in 
ratio of 1:1, still contains some free (iso-C,Hg); Al, the resulting polymer will 
contain a large amount of low-molecular weight fractions; the same catalyst, 
after seasoning for 24 hours, causes formation of much higher molecular weights 
(Figure 1, curves / and 2). 

These results permit the conclusion that in catalytic-complex polymerization 
a rupture of chains by a transfer mechanism occurs only in particular cases 
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where free organoaluminum, or other compounds capable of transfer reactions, 
are present. In the absence of such components rupture of the chains proceeds 
according to mechanisms specific to heterogeneous polymerization as outlined 
above. 
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SYNTHESIS OF ISOPRENE TAGGED WITH C** 


A. A. Kororkov anp G. V. Rakova 


InstituTEe oF Mo.ecutar Weicut Compounps, Lentnorap, USSR 


For a study of the mechanism of catalysis of polymerization of diene hydro- 
carbons and also for investigation of the process of catalysis of copolymerization 
the following hydrocarbons tagged with C™ were synthesized: benzene’, 
toluene! and isoprene. The simplest ordinary methods possible were used for 
these syntheses to obtain pure active preparations in good yields from starting 
materials containing radioactive carbon. 

Isoprene-C™ was synthesized according to the method of A. E. Favorskii? 
in three steps according to the scheme: 


CH; CH; 
\ KOH 
C=0 + C*H=C*H —— I 
—15° | 
CH; CH; OH 
CH; CH; 
Ag 
C—C*=C*H + H: ——— C—C*H=C*H, II 
CH; OH CH; OH 
CH; 
Al,0; 
C—C*H=C*H: CH.—C—C*H=C*H; + Ill 
CH; bu H; 


In distinction from the method of Favorskii, 2-methyl-3-butyn-2-ol was ob- 
tained in the presence of excess acetone. 

Hydrogenation of 2-methyl-3-butyn-2-ol was conducted electrolytically 
under conditions worked out by A. I. Lebedev’. 

The resulting vinylearbinol-C“ was transformed into isoprene by de- 
hydration over active aluminum oxide. 


EXPERIMENTAL 


Preparation of acetylene-C'*.—Acetylene-C™ was obtained according to the 
scheme: BaC*O; — Ba*C; —> C2*H2, barium carbide being obtained according 
to the method of N. P. Cayer, B. V. Kliminos and G. V. Isogoolyan* and 
acetylene by decomposition of the carbide by water in the apparatus suggested 
by Cheronis® and modified by us in the detail arrangement of traps for con- 
densation of acetylene-C'—A in Figure 1. 

The yield of acetylene was determined manometrically and amounted to 
72-80% calculated on the barium carbonate. 


* Translated by E. C. Gregg, Jr. from ‘‘Isotopes and Radiation in Chemistry", Acad. Sci. USSR Press, 
Moscow (1958), pp. 358-360. 
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Fic. 1.—Apparatus for preparation of acetylene. 


Preparation of 2-methyl-3-butyn-2-ol-C“%.—The condensation of acetylene 
and acetone by potassium hydroxide was conducted in apparatus B shown in 
Figure 2. Into the reaction vessel (capacity 150 ml) were introduced powdered 
potassium hydroxide (9 g) and absolute diethyl ether (60 ml). The air was 
pumped from apparatus B and radioactive acetylene (20-30 ml) was admitted 
from the trap A. Acetone (2.5 g) and acetylene-C” (500-600 ml) were intro- 
duced alternately into the reaction vessel in small portions during definite 
intervals of time (20-30 minutes). The reaction mixture during the course 
of the entire experiment (7-8 hours) was stirred by means of an electric motor 
and was maintained at —15°. After the experiment was finished, the reaction 
mixture was worked up with twice the amount of water as alkali used. The 
ether layer was dried and, after distilling off the ether, the residual 2-methyl- 
3-butyn-2-ol-C“ was distilled from the flask with a dephlegmator. For 
complete removal of the tagged preparation from remnants in the distilling 
flask 2-methyl-3-butyn-2-ol-C” was added and distilled. This operation 
was repeated 3 to 4 times until radioactive carbon, C“, was absent in the 


. 2.—Apparatus for condensation of acetylene with acetone and potassium hydroxide. 
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distillate. The yield of carbinol as measured by the activity due to the in- 
troduction of acetylene-C™ is 55-70%. 

Preparation of 2-methyl-3-buten-2-ol-C“.—Electrolytic hydrogenation was 
conducted at 0° in an electrolytic cell (capacity 200 ml) in 5% alkali solution 
without division of anode and cathode compartments. Initial concentration 
of carbinol in the solution is 7-12%. The cathode used was silver plated 
copper sheets, the anode was nickel. The current density is 2 amps/dm’. 
The completion of hydrogenation was determined according to negative reac- 
tion of the triple bond with an ammoniacal solution of silver. The electrolyte 
was distilled into three parts and 2-methyl-3-buten-2-ol-C"™ was isolated from 
it by the potassium salting out process. The carbinol was dried by anhydrous 
potassium carbonate and was distilled from the vessel with a dephlegmator 
with consecutive addition of small portions of the carbinol-C’. The yield of 
carbinol as measured by activity comprises 87° based on the 2-methyl-3- 
butyn-2-ol-C™. 

Preparation of isoprene-C“.—Dehydration of the vinyl carbinol-C“ was 
effected over active aluminum oxide (size of grains 3-4 mm) at 300° in a quartz 
tube with a diameter of 1.5 cm and a length of 4.5cem. The vinyl carbinol was 
added at a rate of 0.4 ml/minute. Products of reaction were collected in a 
trap immersed in a freezing mixture. The hydrocarbon layer was dried and 
distilled. There was collected a fraction with a boiling point 34-35°. The 
yield of isoprene-C™ due to the initial acetylene-C"™ is about 50%. 

The measurement of radioactivity of the compounds prepared was made in 
a type B mounting with a wood counter. 

The methods of synthesis were worked out first with nonradioactive ma- 
terials. Physical-chemical constants of the compounds prepared corresponded 
to literature data. 
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THE ANDERBILT LABORATORY 
Located in East Norwalk, Connecticut. 


... Maintained as a development 
and technical service center in 
the interest of our customers and 
their efficient use of Vanderbilt 
materials for Dry Rubber, Latex 
and Plastics Compounding. 


VAROX® PEROXIDE CROSSLINKING AGENT 
2,5-bis(tert-butylperoxy)-2,5-dimethylhexane 


Supplied as a 50% active powder, or in 
100% free-flowing liquid form. 


Polyethylene, Silicone gums, nitrile rubbers 
and other elastomers in which it may be 
used process without scorch at temperatures 
up to 300°F., and cure rapidly at 320°F. or 
higher. 


VANDERBILT INC 


230 Park Avenue, New York 17, N.Y. | 


17 4 
: 
- 
at 


18 RUBBER CHEM. & TECH.—July-Sept. 1961 


HERE'S HOW WITCO-CONTINENTAL PROTECTS 


CARBON BLACK 


THROUGH 


Quicker, More Dependable Shipments +» Unmatched Care in Packaging 
Outstanding Loading and Stacking Techniques 
Faster, Cleaner Unloading and Handling 


CARBON BLACKS... PRODUCED AND HANDLED 
WITH CARE BY WITCO-CONTINENTAL 


Only Witco-Continental gives carbon 
blacks such kid-glove treatment in pack- 
aging and shipping. There’s no compro- 
mise on quality and no compromise on 
service. Facilities are maintained in 


Valve bags mean 
better unit load- 
ing, cleaner ware- 
housing, faster 
and easier hand- 
ling. Witco-Conti- 
nental’s exclusive, 
patented valve- 
filling machines 
insure greater uni- 
formity of outside 
bag dimensions. 


every sales office city for ex-warehouse 
customers. For outstanding service and 
personalized attention on all your car- 
bon black orders... be sure to specify 
WItTCO-CONTINENTAL. 


There’s less chance of shipping delay with 
Witco-Continental carbon blacks. We print 
your purchase order number, code or pigment 
number, type of black and other information, 
on every bag. Result is easier inventory, 
checking and handling. 


Improved packing and better pallet- 
izing are achieved through specially 
built bag-shaping machines. You 
choose the type of bag you want. 
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Special ¢ar liners prevent interlocking of bags and 
protect them from each other and from the sides of 
cars or trailers. Convenient, disposable pallets facili- 


When carbon blacks 
leave Witco-Conti- 
nental plants, you 
can be sure they’re in 
good condition. We 
photographeach ship- 
ment after loading as 
a check on correct and 
damage-free stacking. 
These photographs, 
with specially de- 
signed loading dia- 
grams attached, are 
then sent to you as 
your check on ship- 
ping conditions. 


If you prefer shipment by hopper 
car, Witco-Continental traffic con- 
trol system means that you can get 
same-day information on the where- 


tate handling, yet eliminate storage or return costs. to serve you. 


abouts of your shipment from your 
local sales office. There are 113 care- 
fully maintained hopper cars ready 


CONTINENTAL CARBON COMPANY 


WITCO CHEMICAL COMPANY, Inc. : . 


122 East 42nd Street, New York 17, N.Y. 


San Francisco - London and Manchester, England 
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NEW PUSH-BUTTON ACCURACY FOR TENSILE TESTING! 


Test high and low elongation, tear strength, and other physical qualities 
of your rubber products on the versatile Scott Model CRE Constant- 
Rate-of-Extension electronic tester. New push-button controls make 
rubber testing a simple, accurate operation . . . offer greater-than-ever 
operating convenience and testing economies. Ultra-precise electronic 
weighing system provides an infinite variety of crosshead speeds... 
wide selection of test load ranges to 1000 Ibs. . . . instant response to 
rapidly fluctuating loads. A ic gauge comp ion also provid 
direct-in-psi readings for testing elastomeric stress. 


The ratio of crosshead speed to recorder chart speed is adjustable 
over a wide range, giving ample magnification for ‘practically all mate- 
rials. Elastomer pipping circuit p dh lied repre- 
sentation of visually-observed specimen elongation. A new Scott 
clamp-locking assembly also reduces clamp-changing time to a matter 
of seconds! The Model CRE makes use of all Scott clamps and fixtures 
to meet ASTM, ISO, government and rubber industry test methods. 


STERS 


PUSH-BUTTON AUTOMATION FOR VISCOSITY TESTING! 


Determine viscosity, scorch and cure characteristics of rubber and 
other elastomers with the new, improved Scott Model STI Mooney 
Viscometer plus Viscosity and Temperature Recorders. Fingertip, 
pneumatic-powered controls close two-part sample area uniformly 
— without effort or adjustments. Precise temperature control within 
+'2°F. at any set temperature to 450°F. Fast-setting spring adjust- 
ment saves time, facilitates calibration. New fully-enclosed gear box 
assures steady readings... easier maintenance, fewer repairs, less 
downtime. Scott Shearing Disc Viscometers — and only Scott — are 
universally accepted as meeting requirements of ASTM Designation 
Di646 (formerly D927 and D1077) and ISO/TC45 Proposals 411 
and 440. 


QUICK-CHANGE SCOTT CLAMPS AND FIXTURES 
Z-1 CLAMP FOR TENSILE TESTING 


and in length. 


LORD ADHESION FIXTURE 
Designed by the Lord Menufacturing Co., Erie, 
A bie to Scott clam) 
metal 
oe bearing to insure positive 
of i” wide rubber 
Steen ets ASTM Method of Test D-429. 
RING TEST SPOOLS 
This Scott clamp is used for testing ring-shaped 
samp! of rubber thread on 


revolves as strain is for 
on both si sides of loop or ring. Capecity 150 tbs 


WRITE FOR COMPLETE DETAILS ON MODEL CRE... MODEL STI... SCOTT CLAMPS 
. AND OTHER SCOTT TESTERS DESIGNED FOR RUBBER AND ELASTOMER PRODUCTS 


SCOTT TESTERS 


SCOTT TESTERS, INC. THE SURE TEST... SCOTTS 
102 Blackstone Street 
Providence, Rhode Island 
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On-the-job literature for Rubber Men 


RUBBER 
AGE 


The industry’s outstanding technical journal covering 
the manufacture of rubber and rubberlike plastics 
products. 
SUBSCRIPTION RATES 
US. Canada Other 
$5.00 $5.50  $ 6.00 
2 years 7.50 8.50 9.50 
3 years 10.00 11.50 13.00 
Single copies (up to 3 months) 50¢ 
Single copies (over 3 months) 75¢ 


1 year 


RUBBER 
RED BOOK 


Contains complete lists of rubber manufacturers and 
suppliers of materials, chemicals, equipment, services, 
etc. Now published on an annual basis. PRICE: 
$15.00 per copy, domestic; $16.00, overseas. 


THE RUBBER 
FORMULARY 


The “pharmacopeia” for rubber—providing all the rub- 
ber compounds published in technical journals and sup- 
pliers’ releases. Each compound on a separate card 
with marginal indexes for various physical properties, 
type of hydrocarbon, etc. A simple mechanical sys- 
tem permits you to select compounds keyed to any 
property. Issued monthly. Back issues available. 
PRICE: $95.00 per year. 


STARTER 
SET 


A Starter Set on The Rubber Formulary is also now 
available. It contains 2365 rubber compounds selected 
from the more than 9100 published in the Formulary 
in the years 1948 through 1957, inclusive. The formu- 
las are presorted by polymer and then further sub- 
divided for the convenience of the compounder. 
PRICE: $250.00 per set. 


ADHESIVES 
AGE 


The first and only magazine to provide urgently 
needed information about the chemistry, manufacture, 
use and application of adhesives. News of new prod- 
ucts, new techniques, new methods and new materials 
—all offering opportunities for growth, expansion, 
sales and profits. Easy to read... to use... prac- 
tical . . . filled with useful ideas you can put to work. 
Subscriptions : $5.00 per year, domestic ; $6.00 overseas. 


PALMERTON PUBLISHING CO., INC. 
101 West 31st St., New York 1, N. Y. 
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it’s to your advantage to read 
RUBBER WORLD 


For more than 72 years RUBBER WORLD 
has supplied its industry with the most 
complete and up-to-the-minute informa- 
tion available. RUBBER WORLD is a basic 
part of the rubber industry, just as 
rubber is a vital and basic part of modern 
technology. This was never more true than 
today, when RUBBER WORLD leads its 
field in editorial innovation and in circula- 
tion vitality. 


By any comparison, RUBBER WORLD is 
the dominant book. 


RUBBER WORLD few vork 17, New YorK 


VULCANIZED VEGETABLE OILS 
RUBBER SUBSTITUTES ° 


REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicage — Denver — Pico Rivera (Cal.) — 
Albertville (Ala.) — Greenville (S. C.) 
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OUTSTANDING 
PRODUCTS 
HITETEX 


A new white and bright pigment for 
rubber, synthetic rubber or plastics. 
especially vinyls. 


pigment for compounding ALL 
natural and synthetic ru 


A tried and proved product 


for compounding rubber and 
synthetic rubber. 


No. 33 CLAY 


For wire and viny! compounding 


For full details, write our 
Technical Service Dept. 


33 RECTOR STREET, 
NEW YORK 6,N.Y 
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What’s News in Rubber... 


Now you can get Buty] Rubber in 
convenient latex form—an easy- 
to-handle emulsion that has all the 
outstanding properties of Butyl! 
Enjay Buty] can now be utilized 
in tire cord dipping, paper coating 
and saturating, textile treating and 
proofing, roof coating, adhesive 
compounding, emulsion paint for- 
mulations, and leather finishing. 
Enjay Butyl Latex is shipped 


FOB Baton Rouge, La. in phenoli 
lined, insulated 8,000 and 
10,000-gallon tank cars, or in lined 
55-gallon open-head steel drums. 
Drum stocks will be warehoused at 
other strategic shipping points in 
accordance with demand. 

For more information and your 
copy of our Latex manual, write to 
Enjay at 15 West 51st Street, New 
York 19, New York. 


EXCITING NEW PRODUCTS THROUGH PETRO-CHEMISTRY 


ENJAY CHEMICAL COMPANY 


A DIVISION OF HUMBLE OIL & REFINING COMPANY 


TYPICAL INSPECTION DATA 


Total Solids, wt % 
Specific Gravity, 70°F 


pH 

Mechanical Stability 
Freeze-Thaw Stability 
Chemical Stability 


BUTYL 


0.96 
$0 
Excellent 
Excellent 
Excellent 
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CARBON BLACKS 


Wyex EPC 

Easy Processing Channel Black 
Arrow MPC 

Medium Processing Channel Black 
Essex SRF 

Semi-Reinforcing Furnace Black 
Modulex HMF 

High Modulus Furnace Black 
Aromex CF 

Conductive Furnace Black 
Aromex HAF 

High Abrasion Furnace Black 
Aromex ISAF 

Intermediate Super Abrasion Furnace Black 
Arovel FEF 

Fost Extruding Furnace Black 
Arogen GPF 

General Purpose Furnace Black 


Suprex Clay 

High Reinforcement 
Paragon Clay 

Eusy Processing 

Hi-White R 

White Color 

Very low grit, high reinforcement 

Very low grit, easy processing 
Polyfil C, X* and F* 

Fine particle, light color, 
water fractionated 

*also available in spray-dried form 


RUBBER CHEMICALS 


Turgum S, Turgum $B 
Natac 


Butac 

Resin-Acid Softeners 
Aktone 

Accelerator Activator 
Zeolex 23° 

White Reinforcing Pigment 
ovoiloble in spray-dried form 


J. M. HUBER CORPORATION 


630 Third Avenue, New York 17, N. ¥, 
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AVAILABLE FROM THE TREASURER 


DIVISION OF RUBBER CHEMISTRY 
AMERICAN CHEMICAL SOCIETY 


“Introduction to Rubber Technology” by Maurice Morton 
$7.00 per copy to Members and Associates only. All 
others (including subscribers ) may purchase direct from 
Reinhold Publishing Corp., 430 Park Avenue, New York. 


Proceeding of International Rubber Conference, 1959. 
$10.00 for Members and Associates only. All others 
(including subscribers ) $12.50 per copy. 


Back issues of Rubber Chemistry and Technology are 
also available, at prices ranging from $2.00 per copy to 


$8.00 per copy. 


Donations of certain issues in short supply, to the Division, would 
be appreciated. These are Vol. No. 1 (1928), Vol. XXX, No. 3 
(1957) and Vol. XXXII, No. 1 (1960). 


Checks payable to the Division of Rubber Chemistry, A. C. S., 
should accompany the order and be sent to: 


D. F. Behney 

c/o Harwick Standard Chemical Co. 
60 South Seiberling Street 

Akron 5, Ohio 


| 
. 


RUBBER CHEM. & TECH.—July-Sept. 1961 


Laboratory Reagents 


Fast Service . . Glassware, Thermometers, 
Hydrometers and Microscopes. 


JE 5-5175 


Laboratory 
Design Service 


Complete Laboratory Design Service . . . Fume 
Hoods, Lab Tables, Microscope Tables, etc. 


JE 5-5175 


AKRON CHICAGO MEMPHIS CHEMICAL MANUFACTURERS 
LOS ANGELES NEWARK 


DEPOLYMERIZED RUBBER 


NATURAL CRUDE RUBBER IN 
LIQUID FORM —100% SOLIDS 


Available in HIGH and LOW VISCOSITIES 


INCORPORATED 


A SUBSIDIARY OF 
H. V. HAROMAN CO, INC. 


595 CORTLANDT STREET 
BELLEVILLE 9, N. J. 
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e Easier to Handle 


Stacks Higher, 4 
Safely 


e Less Bag Breakage 


Close-Packed, 
Unitized Shipments 


AZODOX stores in much less space AZODOxX is available in the following 
than other zinc oxides. That's be- grades at no additional cost over con- 
cause you get many more pounds of ventional zinc oxides: 

AZODOX per cubic foot of pigment— 
up to 62 Ibs. per cubic foot! Save val- 
uable space for other purposes 
with every ton of AZODOX you buy. 


In the manufacture of AZODOX, an 
exclusive process removes excess, Azobox.44 

space-wasting air from between indi- (Conventional) 
vidual particles of zinc oxide. Actual AZODOX-55 

pigment density and every other de- (Conventional) 
sirable property remain unchanged. (Sartore Fast 
High apparent density AZODOX flows AZODOX-550 
freely yet dusts less, incorporates (Conventional) Medium 
fast and disperses thoroughly. 


For technical data, fill in and mail this coupon. 


American Zinc Sales Company 
1515 Paul Brown Bidg. 
St. Louis 1, Mo. 


Please send me technical information about 
AZODOX-44 AZODOX-55-TT 
AZODOX-55 AZODOX-550 meorican 
O 15 types of AZO brand zinc oxides 


Distributors for 
AMERICAN ZINC, LEAD AND SMELTING CO. 
Columbus, Ohio « Chicago « St. Louis « New York 
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You Can Greatly Increase Warehouse Space 
Increase in Cost With... 
| AZODOX...High Apparent Density Zinc Oxides 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


PAGE 


American Cyanamid Company, Rubber Chemicals Division 12 
American Zine Sales Company 28 
Cabot Corporation (Opposite Inside Front Cover) 1 
Carter Bell Mfg. Company, The 22 
Columbia Southern Chemicals (refer to Pittsburgh Plate 

Glass Company, Chemical Division) 
Columbian Carbon Company (Opposite Title Page) 
DPR, Incorporated .. . : 
DuPont, E. I., Elastomer Chemicals Department (Chemicals) 
Eastman Chemical Products, Inc 
Enjay Chemical Company 
General Tire & Rubber Company, Chemical Division.... . . 
Goodrich, B. F., Chemical Company 
Goodrich-Gulf Chemicals, Inc. (Opposite Inside Back Cover) 
Goodyear Tire & Rubber Company, Chemical Division... . 
Hall, C. P., Company, The 
Harwick Standard Chemicals 
Huber, J. M., Company 
Naugatuck Chemical Division (U. 8S. Rubber Company) 

Rubber Chemicals 
New Jersey Zinc Company, The (Outside Back Cover) 
Phillips Chemical Company (Philblack) t 
Phillips Chemical Company (Philprene) 
Pittsburgh Plate Glass Company (Chemical Division) 

(Refer to Columbia Southern Chemicals) 16 

Rubber Age 
Rubber World 
St. Joseph Lead Company 
Scott Testers, Inc 
Shell Chemical Corporation—Syn. Rubber Sales Division... 7 
Southern Clays 23 
United Carbon Company (Inside Front Cover) 
Vanderbilt, R. T., Company 
Witco Chemical Company 
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ADVERTISE 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


A advertising rates and information about 


available locations may be obtained from 
George Hackim, Advertising Manager, Rub- 
ber Chemistry and Technology, care of The 
General Tire & Rubber Company, Chemical 
Division, Akron 9, Ohio 
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“‘Controlled-Analysis" 


ZINC OXIDES 


For The 
RUBBER INDUSTRY 


BER GRADE FAST CURING TYPES 

BLACK LABEL No. 20 GREEN LABEL No. 42 

Very fine particle size, giving maximum reinforce- General purpose type. Excellent activating and 
ment ond activation in rubber. For highest quality moderate reinforcing properties. Faster rate of incor- 
rubber goods. poration into rubber than Black Label No. 20 or Red 

label No. 30. 

RED LABEL No. 30 

Excellent reinforcing and activating properties in GREEN LABEL No. 43 
rubber. Having fewer extremely fine particles, it is large particle size type for easy incorporation. 
easier to incorporate than Black Label No. 20. Good activating and reinforcing properties. 


Direct Reporting On Baird-Atomic Spectrometer 


RUBBER GRADE SLOW CURING TYPES 
RED LABEL No. 31 GREEN LABEL No. 42A-3 
Slow curing type for long flot cures and excellent Somewhat larger in particle size than Red Label 
ch i Good ivating and reinforcing No. 31 for easier incorporation; otherwise, similar in 
general characteristics. 


BER GRADE SURFACE TREATED TYPES 
BLACK LABEL No. 20-21 
GREEN LABEL No. 42-21 organic material. They disperse in a rubber mix rapidly 
These grades are made from Black Label No. 20 and thoroughly, developing physical properties, in 
and Green Label No. 42, respectively, by surface treat- icanized rubber comparable to dard Black Label 
ing with a nontoxic hydrophobic high molecular weight No. 20 and Green Label No. 42. 


2 
Cc 


BLACK LABEL No. 20 GREEN LABEL No. 46 
Very fine particle size, giving minimum settling Low pH type used in foam latex where zinc oxide 
out in water dispersions and maximum activation in is used for both activation and as a supplementary 
latex Compounds. gelling agent. 
GREEN LABEL No. 12 RED LABEL No. 30 
Heovily-calcined Black Label No. 20 type, con- Intermediate particle size, having fewer extremely 
taining few extremely fine porticles. Less reactive than fine particles than Black Lobel No. 20. Less reactive 
Black Label No. 20 and produces low viscosity water then Block Lobel No. 20, producing lower viscosity 
dispersions which do not readily thicken. water dispersions which do not readily thicken. 
GREEN LABEL No. 43 
Medium particle size for easy wetting. In pellet 
form this grade is particularly advantogeous in pre- 
paring pourable 70%, zinc oxide water dispersions. 


| Gt. Joe's Distributor Network Puts St. Joe ZnO On Your Doorstep. 
ALBERTVILLE, ALA 
BALTIMORE, MD 


BUFFALO, 


6 - 
CINCINNATI, O. 
DALLAS, TEX. 


Write for the nome of the St, Joe distributor nearest you. 


ST. JOSEPH LEAD CO. 


250 Park Avenue » New York 17, N. Y. 
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Soon everyone who buys, or helps 
pay for, truck tires can share in the 
rewards of a breakthrough in syn- 
thetic rubber technology achieved 
by Goodrich-Gulf. This has resulted 
in a unique new rubber called 
Ameripol CB. 

Technically, Ameripol CB is called 
a cis-polybutadiene rubber. It is the 
only known polybutadiene rubber 
which can completely replace natural 
rubber in heavy-duty tires—for 
trucks, buses, aircraft. 

In 5 million miles of test driving, 
tires made from Ameripol CB de- 
livered up to double the tread life 
of tires made from natural rubber. 
The more severe the conditions, the 
more striking the superiority. 
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UNIQUE 
NEW RUBBER 
FROM 
GOODRICH-GULF 


Early next year Goodrich-Gulf 
will put into operation a 20 million 
pound per year facility for producing 
Ameripol CB. In addition, Goodrich- 
Gulf has licensed three other major 
companies to produce this material. 


Goodrich-Gulf is the world’s 
largest source of synthetic rubber; 
our services are further broadened 
with this new development. What- 
ever your needs in rubber materials, 
contact Goodrich-Gulf Chemicals, 
Inc., 1717 East Ninth Street, 
Cleveland 14, Ohio. 


Goodrich-Gulf Chemicals. Inc. 


WORLD'S LARGEST SOURCE OF SYNTHETIC RUBBER 
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COLORS: 


@ STAN-TONE® PE 
POLYETHYLENE CONCENTRATES 
@ STAN-TONE MB 
(Rubber Masterbatch) 
@ STAN-TONE PEP 
(Polyester Paste) 
@ STAN-TONE DRY COLORS 


@ STAN-TONE PC PASTE 
(Pigment in Plasticizer) 


Dependable FILLERS SOFTENERS 


in compounding mate- 


and production runs. 


You can rely on con- *RESINS: 


sistent quality with 
Harwick Standard ma- PICCcO 


PICCOPALE 
PICCOLYTE 
For technica! as- 
sistence in difficult PICCOFLEX 
oblems, PICCOTEX 
RESINEX® 
PICCODIENE 


* Resins Mfqd. by Pennsyloania Industrial Chemical Corporation 


HARWICK STANDARD CHEMICAL Co. 


60 SOUTH SEIBERLING STREET, AKRON 5. OHIO 


ALBERTVILLE, ALA. BOSTON 16, MASS. CHICAGO 46, ILLINOIS. GREENVILLE, S.C. PICO RIVERA, CALIF. TRENTON 9, NJ. 
OLD GUNTERSVILLE HWY. 661 BOYLSTON ST. ELSTON AVE. | NOTTINGHAM RD. 7225 PARAMOUNT BLVD. 2595 STATE ST. 
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HORSE HEAD’ 


HORSE HEAD AMERICAN PROCESS 
ZINC OXIDES — Derived from Zine Ore 


the 
MOST 
COMPLETE 
Line 


of White 


Special-3 


For better color and bri; 


and pressure-sensitive 


XX-4 


Tires, tubes, mechanicals, footwear; highest thermal conductivity. 


XX-178 


og Cure rate approaches that of XX-78. 
Used in low stocks. 


XX-203 


White rubber compounds, especially white sidewalls. 


PROTOX-166 


Faster mixing, better dispersion than XX-4. 
Uses: tires, tubes, mechanicals, footwear, latex, insulated wire, etc 


PROTOX-167 


Faster — better dispersion than XX-4. 
Uses: tires, tubes, mechanicals, footwear, insulated wire, etc. 


PROTOX-267 
(pelleted) 


Free-flowin low bulk for 


HORSE HEAD FRENCH PROCESS 
ZINC OXIDES — Derived from Zinc Metal 


Relatively yo Uses: white and tinted 


KADOX-15 


High surface area provides optimum gt Latex, mechanicals, 
insulated wire, transparent rubber, cut thread. 


KADOX-25 


F = used in 
or can-sealing compou' lacquers 


KADOX-72 


Lower surface area, easier mixing, but less active than KADOX-15. 
Latex, mechanicals, insulated wire, footwear, tires. 


KADOX-215 
(pelleted) 


Developed specifically for aqueous dispersions for the latex industry 


PROTOX-168 


Faster mixin patter Gan 
Uses: same #8 KADO 


PROTOX-169 


Faster mixing, better di than KADOX-15. 


Uses: same as KADOX-15. 


PROTOX-268 
(pelleted) 


Free-flowing, non-dusting, low bulk for 
Uses: tires, tubes, mechanicats, tire, etc. 


A-410:anatase)| type. For general wap in latex snd dry rubber 


A420 


Preferred HORSE HEAD anatase for whitewalls of tires, for 
for low water absorption. 


A430 (”) 


al _use in dry rubber compounds and latex. Preferred 
HORSE HEAD anatase grade for plastics. 


R-710 (Rutile) 


R-730 (") 


and in latex. 
For non-tire nds di low water absorption. Preferred 


HORSE HEAD grade for superior pt properties in plastics. 


R-750 


Uses in rubber are similar to those of R-730. — 
outstanding dispersion and high resistance to j 


THE NEW JERSEY ZINC COMPANY 
160 Front Street ° New York 38, N.Y. 
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